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Abstract 
The goal of the research is to quantify coal properties that may affect the processes and controls 
governing rehabilitated brown coal mine surface mass movements. The research investigates 
weathering of coal and assesses the difference in strength characteristics between fresh and 
weathered coal. In addition to quantifying the mechanical properties of coal surfaces in a rehabilitated 
slope, permeability changes due to weathering of coal are also investigated.   Changes in coal strength 
influence sliding resistance.  Changes in coal permeability impact pore pressures above the coal 
surface, which may also affect sliding resistance on the coal – cover interface. To assess these issues, 
direct and residual shear tests were used to investigate the changes in shear strength due to 
weathering at low normal stresses applicable to shallow cover materials.   Testing was undertaken 
with abrasive surfaces to simulate sliding on the contact coal surface beneath cover materials 
assuming that the cover material is stronger than the coal.  The roughness of the abrasive surface 
proved to be unimportant for large strain shear strength.   The shear strength for coal with different 
weathering and normal effective stresses was examined.   Coal cohesion was found to be low, but 
some rebinding of coal would occur with time.  A coal residual friction angle of 39.1 and 37.0 degrees 
was found for the unsaturated and saturated tested coal respectively.  Permeability tests using 
oxygenated water were undertaken to investigate changes to brown coal permeability as a result of 
weathering.   Even with low levels of oxidation achievable with the permeability test apparatus, coal 
permeability dropped over time.  While the magnitude of the reduction was not large for low oxidation 
magnitudes, the impact on permeability was demonstrated. 
A weathering index was developed as part of the study to provide a quantitative basis for assessing 
the weathered state of coal samples.  The index employed changes to Fourier Transform Infrared 
Spectroscopy (FTIR) spectra to define the state of weathering.  To assess the rate and magnitude of 
weathering of coal through oxidation an autoclave was used to artificially weather brown coal.  Fourier 
Transform Infrared Spectroscopy and Gas Chromatography used to analyse the results.   As for the 
permeability testing the autoclave experiments could not be run for sufficient time to progress to 
complete weathering by oxidation.  Nevertheless the principles of the test and the equipment 
specifications were developed so that they could be used in future to complete the determination of 
weathering rates. 
The research has demonstrated the importance of understanding coal weathering at the upper 
boundary of a rehabilitated coal surface to the potential for cover mass movements due to sliding at 
the coal cover interface. 
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Glossary 
Autoclave 
An autoclave is a pressure chamber used to carry out industrial processes requiring elevated 
temperature and pressure different from ambient air pressure. 
Batter slope 
Recessing or sloping a wall back in successive courses 
Berm 
A horizontal shelf or ledge built into an embankment or sloping wall to break the continuity of the 
otherwise long slope for the purpose of strengthening and increasing the stability of the slope, to 
catch or arrest slope slough material, or to control the flow of run-off water and erosion. 
Bulk Density 
The mass of many particles of the material divided by the total volume they occupy. The total volume 
includes particle volume, inter-particle void volume, and internal pore volume. 
Chromatography 
Chromatography is a laboratory technique for the separation of a mixture. The mixture is dissolved in 
a fluid called the mobile phase, which carries it through a structure holding another material called 
the stationary phase. The various constituents of the mixture travel at different speeds, causing them 
to separate. The separation is based on differential partitioning between the mobile and stationary 
phases. Subtle differences in a compound's partition coefficient result in differential retention on the 
stationary phase and thus affect the separation. 
Ecosystem 
A system whose members benefit from each other’s participation via symbiotic relationships. The 
term originated in biology and refers to self-sustaining systems. 
Factors of Safety 
Factors of safety, is also known as safety factor, is a term describing the load carrying capacity of a 
system beyond the expected or actual loads. Essentially, the factor of safety is how much stronger the 
system is usually that needs to be for an intended load. 
Hydraulic Conductivity 
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A measure of how easily water can pass through soil or rock: high values indicate permeable material 
through which water can pass easily; low values indicate that the material is less permeable. Hydraulic 
conductivity is typically given the symbol k and has units of velocity, for example metres/sec or 
metres/day. 
Normal Stress 
The stress component at a point in a structure which is perpendicular to the reference plane. 
Oxidation 
Oxidation is any chemical reaction that involves the moving of electrons. Specifically, it means the 
substance that gives away electrons is oxidized. 
Permeability 
The capability of a porous rock or sediment to permit the flow of fluids through its pore spaces. 
Rehabilitation 
The return of disturbed land to a stable, productive and self-sustaining condition, after taking into 
account beneficial uses of the site and surrounding land. Reinstatement of degrees of the ecosystem 
structure and function where restoration is not the aspiration.  
Residual Stress 
Residual stresses are stresses that remain in a solid material after the original cause of the stresses 
has been removed. 
Restoration 
Re-establishment of ecosystem structure and function to an image of its prior near-natural state or 
replication to a desired reference ecosystem. 
Shear Stress 
A shear stress is the component of stress coplanar with a material cross section. Shear stress arises 
from the force vector component parallel to the cross section. 
Slope Stability 
Slope stability is the potential of soil covered slopes to withstand and undergo movement. Stability is 
determined by the balance of shear stress and shear strength. 
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Slurry 
A finely divided solid that has settled out from thickeners. 
Spectroscopy 
Spectroscopy is the study of the interaction between matter and electromagnetic radiation. 
Historically, spectroscopy originated through the study of visible light dispersed according to its 
wavelength, by a prism. Later the concept was expanded greatly to include any interaction with 
radiative energy as a function of its wavelength or frequency. Spectroscopic data are often 
represented by an emission spectrum, a plot of the response of interest as a function of wavelength 
or frequency. 
Success criteria 
An agreed standard or level of performance, which demonstrates successful closure of the site. 
Weathering 
Weathering is the breaking down of rocks, soil, and minerals as well as wood and artificial materials 
through contact with the Earth's atmosphere, waters, and biological organisms. Weathering occurs in 
situ, that is, in the same place, with little or no movement, and thus should not be confused with 
erosion. 
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1. Introduction 
Open pit mining has a large impact on the environment and surrounding communities throughout and 
subsequent to the mining activity. The environmental impact of open pit coal mining includes issues 
such as contamination of aquifers and air that result from mining operations and processing of the 
coal (Andrews, 2016). Many stakeholders have an input into the governance of such activity including: 
regulators, local communities, investors, non-government organisations and employees (Andrews, 
2016). As a result of more stringent legislation it has become more difficult to obtain land for the 
purpose of mineral extraction, and to ensure continued access to land, mining companies must 
demonstrate their commitment to sustainable development to regulators and stakeholders. Even 
though it is a legal obligation for all mining projects in Australia to carry out mine-site rehabilitation, 
it is also an action in which industry operators can demonstrate with clarity their commitment to 
sustainable development (Andrews, 2016). 
The current leading principles for planning, implementing and monitoring rehabilitation are 
(Australian Government, 2016): 
 to understand the importance of rehabilitation 
 to establish rehabilitation objectives, targets and success criteria 
 to plan to rehabilitate through engaging with stakeholders 
 to integrate and implement rehabilitation plans throughout the life of the operation 
 to monitor and report performance of rehabilitation efforts 
Rehabilitation is a vital component of sustainable development strategies (Australian Government, 
2016) and is a key performance indicator by which environmental performance is judged. A mine that 
has been poorly rehabilitated has the potential to leave significant legacy issues for government, 
communities and companies (Australian Government, 2016).  
Rehabilitation integrates the “design and construction of landforms as well as the establishment of 
sustainable ecosystems or alternative vegetation, depending upon desired post-operational land use” 
(Australian Government, 2016). Mine site rehabilitation is required to meet three main objectives 
(Australian Government, 2016): 
1. long term stability and sustainability of landforms, soil and hydrology 
2. partial or complete repair of the capacity for the ecosystem to provide habitats for biota and 
human services 
3. prevention of pollution of the surrounding environments 
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Mining is a temporary land use, with the closure commonly occurring when the resource is depleted 
or the cost of production exceeds returns. Therefore closure allows the opportunity for disturbed land 
to be rehabilitated to a variety of post mining land uses (DEHP, 2014). The aim of rehabilitation is to 
recreate a functioning ecosystem and productive land use, though the new ecosystem could be more 
productive than the original, such as when a woodland is replaced with grazing land or a plantation 
(DEHP, 2014). 
Coal mining in Victoria is regulated under the Mineral Resources (Sustainable Development) Act 1990, 
which requires the license holder to rehabilitate land in accordance with an approved rehabilitation 
plan (Victorian Government, 2017). The rehabilitation plans must include progressive rehabilitation of 
exposed coal surfaces at all operating mines as they pose significant fire risk.  The Hazelwood Open 
Cut Mine Fire demonstrated that fires can have devastating effects on air quality for the surrounding 
local communities (Teague, 2014). The inquiry into the Hazelwood Mine Fire carried out for the State 
Government emphasised the requirement to increase the rate of progressive rehabilitation of the 
three Latrobe Valley brown coal mines. The current proposal for overall site rehabilitation of the Loy 
Yang Mine Site is to partially fill or fully fill the mine void with a lake and to rehabilitate the exposed 
mine batters to ensure stability of the land and permit revegetation of the final slopes to mitigate fire 
risk (AGL, 2016).   
There were 12 recommendations made to the state, however the only relevant recommendation to 
the work presented here was number four (Table 1) (Teague, 2014) and as a result of this AGL has 
increased its rate of progressive rehabilitation. 
 Table 1 Recommendation 4 from the Hazelwood Fire Enquiry relating to the increase of progressive rehabilitation (Teague, 
2014) 
 
  
Recommendation 4 
The State: bring forward the commencement date of s.16 of the Mineral 
Resources (Sustainable Development) Amendment Act 2014 (Vic), to 
facilitate the requirement that approved work plans specifically address fire 
prevention, mitigation and suppression; and acquire the expertise 
necessary to monitor and enforce compliance with fire risk measures 
adopted by the Victorian coal mining industry under both the mine licensing 
and occupational health and safety regimes 
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The current batter rehabilitation method adopted by AGL Loy Yang involves cut and fill earthworks to 
shape the slope to approximately a 3 Horizontal: 1 Vertical gradient and covering with a compacted 
low permeability clay cap and vegetated top soil. The purpose of the low permeability clay cap is to 
discourage water and oxygen reaching the coal/clay interface and provide a moisture store for the 
vegetation, whereas the purpose of the vegetation is to prevent surface erosion. Each of these 
additional layers are added to increase slope integrity and stability. AGL has set a Factor of Safety 
target of 1.5 for final rehabilitated batters. That is 50 per cent greater force pushing mine blocks into 
place than the force being exerted in pushing mine blocks outward (Committee, 2017). Demonstrating 
the appropriateness of the adopted method of rehabilitation at AGL Loy Yang, including the criteria 
for the design of the components of the method (such as the slope angle and length, drainage 
requirements, cap thickness, vegetation types) and the risks associated with the long term stability 
and resilience of the final landform are the key objectives of the overall program of work on batter 
rehabilitation being undertaken by AGL Loy Yang. 
Figure 1 shows the location of the overall rehabilitation trials which allow a direct assessment of the 
physical, chemical and biological changes taking place in and on the slopes. The work presented in this 
thesis explores a subset of the overall programme by investigating the physical changes caused by coal 
weathering and the potential impact on the stability of a rehabilitated slope. 
Figure 1 Rehabilitation trials in the north-west corner of AGL’s Loy Yang Open Cut mine 
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1.1 Brown Coal Weathering 
Weathering can be defined as the environmental processes which effects coal with oxidation following 
exposure being the most important contributor to weathering (Cox and Nelson, 1984). The oxidation 
reaction of coal can occur at ambient temperature leading to a direct increase in oxygen content and 
a decrease in the atomic hydrogen-to-carbon ratio of the coal (Schmidt et al. (1940), Schmidt (1945), 
Jones and Townend (1949), Brooks and Maher (1957), Gray et al. (1976)). On an open cut face the 
weathered zone is fairly shallow with air drying causing a decrease in moisture content to a depth of 
one to two meters where the body of the seam with full moisture content is encountered. Six months 
exposure can cause a partially dried zone up to 0.5 meters thick, while drying has to potential to reach 
a depth of 1 meter after five years (Cox and Nelson, 1984). 
Weathering and future weathering following slope construction is a major cause of failure during the 
engineering lifetime of a slope. The chemical and physical stability of brown coal is directly affected 
by changes to the water content and the anaerobic environment causing changes in temperature, 
moisture content and oxygen partial pressure (Korte, 2001). The following brown coal properties 
exhibit changes due to weathering (Korte, 2001): 
• Moisture content 
• Volume 
• Surface Chemistry 
• Heat value 
• Permeability 
• Bulk Density 
Determination of the severity of weathering is strongly influenced by the properties used to measure 
it. Commonly the percentage weight loss of the brown coal has been used to quantify experimental 
weathering breakdown, however this method is impractical for in situ or microscale weathering 
(Nicholson, 2001). The amount of deterioration of a rock sample can be measured using a variety of 
methods including percentage weight loss, change in fracture density, in situ weakening and 
fracturing, fracture porosity and percentage change in Young’s dynamic modulus (Nicholson, 2001). 
However in a study by Nicholson (2001) it was shown that there was not always good correlation 
between the different methods. Which brings into doubt the validity of breakdown assessments for 
some rocks where these are based on a single measurement method (Hack and Price, 1997). For the 
purpose of developing a weathering classification system for past and future weathering influences 
on rock mass parameters, large quantities of sample data would need to be collected to determine an 
accurate scale. 
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The research carried out in this thesis will analyse factors that influence the susceptibility of mass 
movements at the interface between the coal face and the clay liner. To achieve this the work 
attempts to quantify the importance of coal weathering to the mass movement of the clay cap.  The 
results from this research will be used to provide future guidance on AGL slope design for long term 
safe and stable capped slopes. All brown coal for this project was sampled from the North-West corner 
of the AGL Loy Yang Open Cut mine site where the most recent rehabilitation trials have been 
undertaken. 
The research objectives are to: 
 Investigate coal weathering beneath liner materials 
 Investigate changes in the shear strength and permeability dues to weathering 
 To propose a weathering index for brown coal weathering 
 Assess the effect of the weathered material on the hydraulic and geotechnical behaviour at 
the capping and coal interface 
1.2 Structure of thesis 
Following this introduction, Chapter 2 contains general background to the design of rehabilitated 
batters. Chapter 3 reviews the relevant literature and provides an in depth view of the fresh and 
weathered properties of brown coal, shear magnitude measurements and behaviour at low effective 
normal stresses, physical property changes due to coal weathering and methods to measure the 
weathering of coal. 
Chapter 4, details the field scale weathering observations at Loy Yang Mine. This analysis contains a 
weathering profile determined using Fourier Transform Infra-Red Spectroscopy to determine a 
weathering scale for in situ samples taken from the Loy Yang Mine batters. 
Chapter 5 presents an analysis of coal shear on planar surfaces at low effective normal stress. The 
analysis is broken down to include in-situ coal shear strength, resistance to sliding for in-situ coal, fresh 
coal on coal sliding, effect of normal stress on resistance to sliding for in-situ coal, effect of 
rebinding/cohesion in coal at low normal stress, effect of the coal surface being weathered and 
difference in shear resistance between fresh and weathered coal. 
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Chapter 6 contains a detailed analysis of the hydraulic changes in Loy Yang brown coal as a result of 
weathering through oxidation and the amount of oxygen taken to significantly reduce through flow. 
This analysis uses a permeability setup where oxygen saturated water is used to oxidise the brown 
coal sample, with dissolved oxygen readings prior and post flowing through the permeability cell used 
to determined weathering as well as hydraulic conductivity measurements. In addition, by calculating 
the difference in dissolved oxygen over the testing period, the amount of oxygen required to weather 
one gram of coal was determined. 
Chapter 7 provides the determination of a more accurate scale to clarify the weathering of brown coal 
due to the addition of boundary values for 0 and 100 percent weathering. This analysis used an 
autoclave that contained, brown coal in a slurry form, oxygen and nitrogen. The vessel was heated to 
increase the speed at which the coal slurry weathered. As the slurry weathered the oxygen in the 
vessel was absorbed and the pressure dropped, and the time taken for a 50% pressure drop was 
recorded. At this point a gas sample was taken and passed through a gas chromotograpy machine and 
a coal sample was taken and passed through a Fourier Transform Infra-Red Spectroscopy machine. 
This process when repeated would allow the determination of the true amount of oxygen required to 
fully weather a piece a coal, as well as a true weathering profile to verify the profile created in Chapter 
4. 
Chapters 8, 9 and 10 are the last chapters of the thesis; discussion of the impact of results to the 
overall project, along with key outcomes of the study and future research needs of all the works that 
have been performed are presented. 
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2. Rehabilitated batter designs and the function and 
interactions of each component 
Batter rehabilitation is a critical focus for open cut coal mines, not only for aesthetic purposes, but 
mainly due to fire risk (Government, 2006). The designs in place for completing rehabilitation on a 
coal mine batter vary depending on the local conditions. In addition, design plans are constantly being 
upgraded to ensure stronger, longer lasting batters with higher factors of safety in line with current 
research (Government, 2017).  
2.1 AGL Loy Yang’s Rehabilitated Batter Design Criteria 
The method used by AGL Loy Yang for coal batter rehabilitation focuses on critical components such 
as (AGL, 2015): 
 Slope angle and length 
 Drainage requirements 
 Cap thicknesses 
 Vegetation types  
Together, these components form the key objectives of the overall research program on batter 
rehabilitation being undertaken by AGL Loy Yang as outlined in Chapter 1. 
2.1.1 Slope Angle and Length 
Open Cut mining activities result in a substantial number of areas characterised by steep slopes. 
Reshaping of these steep slopes is expensive and therefore their management is a serious on-going 
issue (Government, 2006). AGL Loy Yang stated in their Annual Rehabilitation Report that their aim is 
to “ensure areas with steep slopes are well designed and maintained to promote successful 
rehabilitation (AGL, 2015).” The major objectives for the management of steep slopes are:  
1. Create/maintain a stable landform 
2. Minimise maintenance requirements 
3. Create slopes that are trafficable, where required, and not introduce new hazards 
(Government, 2017). 
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Management of steep slopes is critical to the goals of the overall site rehabilitation, as inadequate 
management could lead to diminished land use and revegetation opportunities (Government, 2006). 
AGL Loy Yang is implementing the following actions to achieve the major objectives listed above to 
achieve the best management of steep slopes (AGL, 2015): 
 Consider slumping and slope failure, and drainage issues, when ensuring a stable landform  
 Conduct geotechnical assessments and regular inspections to identify potential slope failure  
 Conduct periodic inspections of visible cracks. Remediate cracks with topsoil infill and 
compaction  
 Ensure correct batter shaping and compaction requirement 
2.1.2 Drainage Requirements 
Stable and successful rehabilitation is dependent on the control of surface water (Government, 2017). 
In order to address the issues caused by surface water on rehabilitated sites, including erosion and 
water quality issues, AGL Loy Yang have outlined the following objectives: manage runoff and 
drainage, minimising acid drainage formation, manage storm water runoff through appropriately 
designed and constructed drainage systems, and manage batter instability and erosion issues through 
appropriately designed and constructed batters and berms (AGL, 2015). 
Mismanaged surface drainage can directly result in ponding and infiltration which can potentially lead 
to erosion, material weakness and acid drainage (Government, 2006). AGL Loy Yang implements the 
following actions to achieve the major objectives listed above for the management of surface water 
drainage (AGL, 2015): 
1. Design slopes to encourage sheet flow of storm water  
2. Design slopes to minimise rilling and the infiltration of water  
3. Select grass appropriately and use matting to quickly stabilise structures  
2.1.3 Cap Thicknesses 
Sufficient layers of clay capping are used during the rehabilitation of batters and berms in order to 
reduce water infiltration and provide a compacted trafficable surface (Government, 2017). The major 
objectives stated by AGL for capping activities on the slopes of Loy Yang site are:  
1. Ensure sufficient depth of capping is applied to the batters 
2. Ensure appropriate level of distribution of the capping material over the entire area 
3. Minimise water infiltration to control seepage 
4. Provide sufficient material for operation of plant and rehabilitation earthworks (AGL, 2015). 
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Conformity in clay capping is critical, inconsistencies potentially lead to areas being exposed and 
possible water infiltration. In addition, potential higher flow velocities and the resulting erosion at the 
toe of the batter may require greater thicknesses of capping material (Government, 2006). AGL Loy 
Yang implements the following actions to achieve the objectives listed above for the management of 
clay capping placement and thicknesses (AGL, 2015): 
 Shaping should reflect future land use and the surrounding areas  
 Overburden batters slopes should not be steeper than 3H:1V. As steeper slopes do not hold 
topsoil and grass and are subject to rilling which results in sedimentation and water quality 
issues downstream 
 Rounding of the top and toe of batters. This will reduce runoff velocity and the potential for 
erosion at these locations 
 Compact the clay layer at the toe of the slope to ensure geotechnically stable landforms  
 Ensure that there is a continuous compacted clay layer  
 Ensure berms and batter toes are tied in  
 Ensure surfaces are free draining. There should be no ponding  
 Ensure that the compaction of dumped materials is maximised  
 Ensure that clay on batters and berms is maximised  
 Schedule and plan clay availability and use  
 Incorporate capping standards and requirements into final works signoff with appropriate 
person responsible for signoff  
 Incorporate capping requirements into the rehabilitation audits  
2.1.4 Vegetation Types 
Successful rehabilitation requires the correct selection of plants and seed species (Government, 2006). 
The major objectives for selection and seeding/planting activities are: select appropriate time of the 
year, site specific re-vegetation method, select appropriate species mix, utilise locally sourced seeds, 
complement re-vegetation with existing and planned landscapes and not compromise the fire 
protection regime (Government, 2017). Difficulties in achieving successful revegetation growth on 
batters can occur if seed and plant selection is carried out incorrectly (Government, 2006). In order 
for this not to occur and to achieve the objectives listed above for the management of revegetating 
using seeds and plants AGL undertake the following measures (AGL, 2015): 
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 Consider future land use (i.e. grazing, shelter belt screening), fire risk and weed control, and 
maintenance requirements when choosing site specific re-vegetation method  
 Ensure species are compatible with fire management regimes when selecting species mix and 
refer to fire policy when planting  
 Ensure seeds and juvenile plants are protected from animals (i.e. use fences for grazing and 
stock control)  
 Ensure seeds are selected from a reliable seed bank  
 Preserve endemic (local) generic material  
 Selectively screen 
 Vegetation must be able to draw on the water stored in the clay cover to maintain continuous 
cover over each year 
 
  
Figure 2 Loy Yang North-Western batter undergoing the cut and fill process to reach the desired 3H:1V slope 
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2.1.5 Current Batter Design used by AGL Loy Yang 
These key issues have been incorporated into the current designs used by AGL Loy Yang for batter 
rehabilitation. The current rehabilitated batter design utilised by AGL is listed below (Association, 
2014): 
1. Use a balanced cut and fill construction to minimise earthwork 
2. Utilise historical data where possible, as well as local experience, to determine the design for 
a stable slope  
3. Construct a cut and fill slope with 3H:1V dimensions for safe operation of machinery after 
rehabilitation (Figure 2) 
4. Remove existing vegetation before using cut and fill material to ensure a more even 
compaction 
5. Use a common compaction method, such as wheel rolling or layer placement of the fill. The 
entire fill area must be evenly compacted for maximum stability  
6. Compact the cut and fill slopes before capping so that they retain a rough surface that assists 
with the reduction of surface runoff and increase water infiltration, as well as increasing the 
friction between the coal/fill surface and the clay capping material for additional slope 
strength 
7. Ideally the slope grades will display as little undulations as possible. This restricts the 
concentration of runoff on the slopes reducing erosion 
8. The slopes should then be covered with topsoil, with the final grading following the placement 
of the top soil. 
9. The area to be revegetated should then be seeded as soon as possible after the final grading, 
preferably as soon as a large enough area is completed and especially if weather events such 
as heavy rain or hail are possible. In the event of oncoming rainfall, the finished areas should 
be mulched to prevent erosion (Association, 2014) 
The final form for an AGL Loy Yang planned rehabilitated slope is a slope with a consistent 3H:1V 
gradient. 
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Figure 3 A representation of the cut and fill method used for coal mine remediation 
 
Capping layer interface 
The capping thicknesses (Figure 4), determined by AGL, are selected with a focus on slope stability. 
Capping thickness is one factor that affects the stability of the slope during reshaping and 
rehabilitation. 
 
 
 
 
 
 
 
 
 
 
Figure 4 An illustration of the layers of materials used for capping the coal in coal mine remediation (AGL, 2015) 
To provide context for the work reported here the next section will describe the major rehabilitation 
project being conducted. Subsequent chapters will then describe the work undertaken to achieve the 
objectives set out in Chapter 1. 
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2.2 AGL Loy Yang Mine Rehabilitation Research Project 
2.2.1 Current Activities and Research Projects 
The scope of the AGL Loy Yang Mine Rehabilitation Research Project is to investigate the feasibility of 
constructing rehabilitated slopes that will remain safe, stable and durable. Part of the long term 
rehabilitation studies involve constructing a series of full scale trial plots to assess alternative cover 
designs for the exposed brown coal mine batters. Field monitoring of moisture variations and flows is 
being undertaken using a network of moisture, suction probes, and piezometers as well as flow gauges 
at the slope base, and is supported by detailed meteorological monitoring. 
Based on the risks and most likely failure modes the primary aim of the project is to construct further 
trial slopes within an environment that allows the investigation, measurement and monitoring of the 
factors influencing the stability and durability of the slopes. To identify possible behaviours and the 
influence of controls that will be integral to the slope design, conceptual stability models need to be 
developed for the rehabilitated slope scenarios. These models need to consider the transition from 
operational to rehabilitated slopes, potential life of rehabilitated slopes and maintenance 
requirements. 
There are a number of rehabilitation related issues with research projects currently underway. 
 Artificial topsoil 
 Disposal and reuse of ash 
 Geotechnical properties of brown coal (researched in this report) 
 Slope stability monitoring 
 Cracking of clay capping 
 
 Artificial topsoil 
Overall the project aims to assess the various chemical and physical characteristics of an artificial 
replacement for topsoil made up of a ratio of Loy Yang Mine overburden, Loy Yang Fly Ash, Paper Mill 
pulp and compost, in order to determine the suitability of use for mine rehabilitation. This project will 
involve determining a suitable mixing ratio, carrying out various soil tests on the mixture samples in 
the laboratory, comparing suitability for vegetation growth, carrying out full scale trial plots at AGL 
Loy Yang and comparing monitored flow rates, sediment levels and composition, and vegetation 
growth. Leachate trials will be completed as well as field trials with earthworms. 
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Expected Outcome 
To create an artificial replacement for topsoil that gives high quality vegetation growth and minimal 
erosion, whilst limiting stormwater contamination. 
 Disposal and reuse of ash 
Coal ash from Loy Yang’s power station is one of the major waste products created when converting 
brown coal into electricity. The coal ash from Loy Yang’s power station has been identified as a 
material suitable for the internal drainage of cover materials. Previous research on coal ash has shown 
the material to have complex soil-water characteristics that are dependent upon the char content, 
grain size distribution and degree of compaction. Assessing the significance of the variations in regards 
to the hydraulic response to the spatial variation of these properties in a full scale plot is essential to 
understanding the drainage performance. 
Expected Outcome 
To assess the ability for Loy Yang coal ash to be used as a fill material and as an internal drainage 
material. 
 Geotechnical properties of brown coal (researched in the report) 
Factors that influence the susceptibility of mass movements at the interface between the coal face 
and the clay liner are the focus of the overall research. A significant part of the research will focus on 
quantifying the importance of coal weathering to mass movement of the clay cap.  The results from 
this research will be used as input to future guidance on slope design for long term safe and stable 
capped slopes.  
The research objectives are to investigate coal weathering beneath liner materials, material changes 
due to weathering including shear strength and hydraulic conductivity, and establish a model to 
simulate the hydraulic and geotechnical behaviour at the capping and coal interface. 
Expected Outcome 
Quantify the importance of coal weathering to mass movement of the clay cap including effect on 
shear strength and hydraulic conductivity. The results from this research will be used as input to future 
guidance on slope design for long term safe and stable capped slopes.  
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 Slope stability monitoring 
Currently extensometers and inclinometers have been installed in a recently rehabilitated slope and 
will require monitoring to asses ground movements relating to slope stability. Newly developed 
monitoring techniques, such as optical fibre Bragg sensors, will be implemented and compared to 
current technologies. 
Expected Outcome 
Through comparing a variety of stability monitoring equipment, a monitoring system will be 
determined for future rehabilitation sites. 
 Cracking of clay capping 
Integrity of the clay capping material is a critical element of slope stability in a rehabilitation scenario. 
The role of the clay capping layer in slope rehabilitation is to act as a hydraulic barrier and as a moisture 
storage for vegetation. Desiccation of clay causes shrinkage cracks which have the potential to cause 
major damage to the rehabilitated slope (University, 2017). 
Expected Outcome 
Laboratory and field tests will determine the optimum thickness and application of the clay layer on 
the slope, this will benefit future rehabilitation of slopes. 
2.2.2 Trial Outputs 
The outputs from these trials are expected to contribute to the design of slopes and controls to 
achieve this aim. The investigation of the individual tasks is expected to be integral with the overall 
stability model and mitigating controls. The primary outputs will be in three areas: conceptual stability 
models for rehabilitated sites and the required controls to be integrated into the design, increased 
knowledge of slope stability and behaviour and opportunities to leverage off other activities to 
improve rehabilitation outcomes. This research program will cover the topics under the geotechnical 
properties of brown coal heading. 
  
16 | P a g e  
 
3. Literature Review 
3.1 Issues associated with this research program 
This chapter reviews relevant research relating to the weathering of brown coal and in particular the 
key questions investigated included:  
 Effect of weathering on the physical and chemical properties of brown coal 
 Rate at which brown coal oxidation occurs 
 Amount of oxygen required to weather brown coal  
 The depth below the surface which is directly impacted by brown coal oxidation 
 Changes in hydraulic properties which occur as a direct result of brown coal oxidation 
 Impact of a weathered coal layer below a capping layer have on the overall stability of a 
rehabilitated slope 
Past researchers have carried out experiments on the physical and chemical changes that occur in 
brown coal as a result of weathering through oxidation, the various techniques used to artificially 
weather samples in the lab as well as the techniques used to assess coal weathering. This information 
was used to gain an understanding and as a platform to design appropriate testing methods and 
procedures for this research program. Various researchers have also determined the effect that 
oxidation has on shear strength and hydraulic properties and understanding this past work will assist 
in providing a comparison and expectations for the laboratory tests carried out during this research 
program. 
3.2 Coal properties and coal weathering 
The Gippsland Basin has the largest reserve of brown coal and petroleum in Australia (Holdgate et al., 
2000). The onshore segments of the Gippsland Basin contain 400 billion tonnes that have been defined 
through drilling (Gloe, (1967 & 1975); Holdgate, (1984); Barton et al., (1995)). The Palaeogene-aged 
Traralgon Formation accounts from two of the five major coal seams in the Gippsland Basin and 
individual seam thicknesses often exceed 100 metres (Holdgate et al., 2000). Younger seams including 
the Neogene-aged Morwell seam, the Yallourn Formation and the marine carbonate facies equivalents 
of the Seaspray Group all overlie the Traralgon Formation coal seams (Holdgate et al., 2000). The 
subcrop beneath the Traralgon Formation coal seam is generally < 30.5 metres overburden, this is 
consistent across the central Baragwanath Anticline uplift area. Currently, 9.6 billion tonnes of 
economic reserves have been calculated to be available in the Traralgon Formation coal seams (Gloe, 
1975). 
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Loy Yang brown coal is a mostly organic material with a small amount of mineral content. Coal is highly 
variable both laterally and vertically (Mackay et al., 2012). Loy Yang coal, which is largely derived from 
the Morwell and Traralgon coal seams (Government, 2017), when analysed under a microscope is 
shown to have a granular appearance with particle sizes ranging from fine to coarse silt. The strip ratio 
of coal to overburden is 0.5:1 to 5:1 (Australia, 2012). 
Brown coal has a high moisture content comprising approximately 60% of its total weight for Loy Yang 
coal whereas an average brown coal has a moisture content of 45-55% of the total weight. The bulk 
density is also very low at around 1.10 to 1.20g/cm3 compared to the average value of brown coal 0.64 
to 0.87 g/cm3 (Energy (2004), Stonecypher (2010), Toolbox (2017)). The permeability of intact coal, 
which assumes no joints/cleats, ranges between 1x10-8 to 1x10-9 cm/s (Mackay, 2012). 
Brown coal contains ‘woody’ materials close to the surface and increasing amounts of fibrous 
materials at lower depths. The elemental breakdown of brown coal is illustrated in Table 2. 
Table 2 Elemental breakdown of Brown Coal (Chun, 2004) 
Element Percentage dry 
weight of coal 
Carbon 67 
Oxygen 25 
Hydrogen 5 
Minerals and Inorganics 2 
Sulphur and Nitrogen 1 
 
The physical properties of brown coal from are summarised in Table 3 (M. Eggers, 2016). 
Table 3 Physical properties of brown coal (M. Eggers, 2016) 
 Units Maximum Minimum Average Median 
Bulk weight (dry conditions) γd kN m3 7.10 4.70 5.40 5.20 
Bulk weight (saturated conditions) γsat kN m3 12.39 11.55 11.81 11.74 
Bulk weight γ kN m3 12.01 10.80 11.33 11.30 
Specific weight Gs  1.50 1.50 1.50 1.50 
Degree of saturation Sr  100 84.79 92.73 93.33 
Initial void ratio e0  2.60 1.04 1.80 1.88 
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3.2.1 Coal weathering 
Sub surface in situ brown coal exists in a water-saturated and anaerobic environment. The chemical 
and physical stability of brown coal is directly affected through a disturbance of this environment, 
possibly through changes in the temperature, moisture content or oxygen partial pressure (Korte, 
2001). These chemical and physical stability changes are more commonly referred to as weathering. 
Brown coal that has been exposed to weathering exhibits changes in the following coal properties 
(Korte, 2001): 
 Moisture content 
 Volume 
 Surface Chemistry 
 Volatile matter content 
 Heat value 
 
3.2.2 How does weathering occur? 
The most common cause for weathering in brown coal is exposure to oxygen. Significant information 
is available on the mechanisms that occur when coal undergoes oxidation. It has been determined by 
Wang et al. (2003 and 2008) and Clemens et al. (1991) that the oxidation process consists of two 
independent reaction sequences (Zhan et al., 2014). The first of these reactions involves 
chemisorption of oxygen, which leads to the formation and decomposition of unstable carbon-oxygen 
complexes (intermediates). The second reaction is the ‘burnout’ reaction. The formation and 
decomposition of the intermediates occurs at such a rapid rate that a direct ‘burn-off’ reaction is 
described as a simultaneous formation of the gas products CO2, CO, as well as H2O (Zhan et al., 2014). 
The two reaction sequences are illustrated in Error! Reference source not found. below. 
 
Figure 5 Two reaction processes that occur during coal oxidation (Zhan et al., 2014) 
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3.2.3 Brown coal weathering beneath the clay capping material 
Cover systems are used in open cut coal mines to create a barrier that limits or prevents the transfer 
of water and oxygen into the coal.  Issues such as desiccation cracking in clay liners can jeopardise the 
performance of the hydraulic barrier which could potentially cause coal to undergo a weathering 
process and pore pressures to increase which could lead to slope failure (Ribeiro et al., 2010). Due to 
this issue, it is crucial to understand the performance of the clay liner before use in a full-scale field 
project. The best methods to analyse the performance of the hydraulic barrier is the use of field trials, 
numerical modelling and laboratory simulation.  
Various researchers including Witt & Zeh (2005), Harrison & Hardin (1994), Costa et al. (2013), and 
Mitchell & Soga (2005) have reported that cracks are induced when the water content of the clay dips 
below the plastic limit.  Desiccation cracks have the potential to increase flow rates in the clay liner 
(Albrecht & Benson, 2001) (Sadek et al., 2007). Once these cracks begin to appear the clay cover does 
not rebind, affecting the long-term performance of the liner. Failure in the hydraulic barrier can lead 
to the transport of oxygen and water to the coal surface which potentially creates negative effects 
such as weathering and possible smearing effects. Smearing is where the water acts as a lubrication 
between the clay and the coal leading to possible failure through sliding. Even if the hydraulic barrier 
is working, flows may still occur from the surface to the coal as the coal should be drained and so have 
negative pore pressures.  The question then for weathering is whether the water will transport oxygen 
to that depth and therefore weathering can still take place. To obtain this information calculations will 
need to be carried out regarding the timescale for coal weathering due to natural oxygen transport 
through the cover. 
Rate 
The exact weathering rate of sedimentary organic matter such as brown coal is presently poorly 
understood, with the only current published research focusing on bituminous coal. The published 
studies on bituminous coal have also only been able to obtain qualitative field observations as 
opposed to quantitative results (Keller, 1998). Keller (1998), used CO2 data to calculate the bulk 
oxidation rate of kerogen in bituminous coal. However, Keller was unable to report on the oxidation 
rates, defined as the, O2 consumption rates, or quantify CO2 formation. Chang (1999) suggested that 
one of the main reasons for this is that the surface area of kerogen is difficult to measure and is also 
affected by physical weathering. Chang and Berner (1999) were able to measure an aqueous oxidation 
rate for bituminous coal using air saturated water (720µM O2) as 2x10-12mol O2/m2/s at steady state. 
This value will be used as an approximate comparable value when calculating the rate of oxidation for 
brown coal in this work. 
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Pattern and Depth 
Observation of weathering patterns is only possible for open coal surfaces, where evaporation and 
oxidation play major roles in coal weathering. Weathering pattern characterisation is dominated by 
the width, depth and concentration of shrinkage cracks (Durie, 1991). 
The depth of weathering for an exposed brown coal surface varies depending on a variety of factors 
including coal rank, rate of evaporation, porosity and permeability (Durie, 1991). Generally, the 
weathered zone for a brown coal in the field is shallow, as the surface dries out the coal undergoes 
oxidation. Moisture loss on an open surface can affect brown coal up to a depth of approximately 1-2 
metres from the surface, where the body of the seam with full natural water content is encountered 
(Durie, 1991). Durie also discovered the weathering effects on brown coal can penetrate to a depth of 
0.5 metres after 6 months, and 1 meter after approximately 5 years (Durie, 1991). Weathering can be 
directly linked to moisture loss and this has been shown to be one of the simplest key indicators (Jha, 
2014).  
Reduction in the moisture content could also potentially occur below a clay cover as desiccation cracks 
could allow the transportation of rainwater, as well as evaporation or heating, provided cracks reach 
the coal from the surface. Despite the potential for this scenario to occur, data is not currently 
available on brown coal weathering below a clay cap. This is therefore an issue requiring further study 
given its relevance to coal weathering under a clay cover for rehabilitation. 
Oxidation History 
Oxidation history has a crucial impact on the speed of the reactions between coal and oxygen at low 
temperatures and atmospheric pressure. Many researchers including Krishnaswamy et al. (1996), 
Winmill (1915a, 1915b, 1915c), Schmidt and Elder (1940), Sevenster (1961), Nordon et al. (1979), have 
all observed that a weathered or oxidised coal consumes oxygen at a rate far lower than a freshly 
mined or crushed coal. Winmill reported early in the 20th century that brown coal undergoes an 
exponential decrease in the rate of oxygen consumption with time during oxidation (Winmill, 1915). 
Sevenster (1961), Nordon et al. (1979), Landsberg (1955), Allardice (1966) have all noted that the 
Elovich equation has often been applied to correlate the amount of oxygen consumed with time. The 
Elovich equation is defined as (Wu et al., 2009): 
𝑑𝑞𝑡
𝑑𝑡
= 𝛼exp⁡(−𝑏𝑞𝑡) (Equation 1) 
Where: a is the initial adsorption rate (mg/min), b is the Elovich constant (mg) and qt is the amount of 
adsorption time at t (Wu et al., 2009). 
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The dependence of oxidation on time has been frequently explained by researchers, for example 
Carpenter and Giddings (1964), Itay et al. (1989) and Wang et al. (2002), as a direct consequence of 
the build-up of oxygenated complexes at the internal surfaces of the coal pores, leading to the 
deactivation of potential reaction sites that are responsible for oxygen adsorption. In addition to this 
cause and effect, chemical reactions occurring on the coal pore surfaces have been proven to partially 
block some micropores which directly results in the reduction of the mass transport rate in these 
pores. (Wang et al., 2002). In addition, it has also been found that owing to coal oxidation, the internal 
surface area of coal particles is reduced (Kaji et al. (1985), Swann et al. (1974)). 
Particle Size 
Brown coal particle size has the potential to have an effect on the rate of oxidation. For coal particle 
sizes that range from a few hundred microns up to a few centimetres, it has commonly been observed 
by researchers, such as Schmal (1989), Carras and Young (1994), Winmill (1915a), Carpenter and 
Sergeant (1966), Sondreal and Ellman (1974), Palmer et al. (1990) and Akgun and Arisoy (1994), that 
the rate of oxidation increases with a decrease in particle size. The difference in oxidation rate due to 
particle size variations can simply be correlated with the diameter of the external surface area of coal 
particles. This follows on directly from the previous paragraph that stated the fact that low-
temperature oxidation of coal involves reactions taking place at the internal surfaces of coal pores. 
For particles smaller than a few hundred microns the rate is found to be basically independent of 
particle size (Carpenter and Sergeant 1966, Palmer et al. 1990). In 1990 Palmer et al. indicated that 
this may be due to a fast penetration of oxygen to the interior of small particles. There are also some 
exceptions that have been reported, for example, Kaji et al. (1985) did not find any dependence of the 
ratio on particle size for coal samples containing particles with diameters of up to one millimetre. 
Temperature 
Temperature has the potential to have a significant effect on the oxidation process on brown coal. 
The normal temperature range considered is between ambient and 100°C, and occasionally extended 
to 150°C. It has been reported by many researchers including, Winmill (1915b), Schmidt and Elder 
(1940), Carpenter and Giddings (1964) and Graham (1915), that the rate of oxygen consumption 
almost doubles for a temperature rise of 10°C. Commonly, the Arrhenius-type equation is used to 
describe the effect of temperature on the rate of coal oxidation (Schmal (1989), Carras and Young 
(1994), Carpenter and Giddings (1964)). The Arrhenius equation models the dependence of the rate 
constant of a chemical reaction on the absolute temperature, a pre-exponential factor and other 
constants of the reaction. The equation is given as (Clark, 2013): 
𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  (Equation 2) 
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Where: k is the rate constant, A is the pre-exponential factor (a constant for each chemical reaction), 
Ea is the activation energy for the reaction, R is the universal gas constant and T is the absolute 
temperature (Clark, 2013). 
3.3 Shear magnitude measurements and behaviour at low effective 
normal stresses 
3.3.1 Concepts of shear for intact materials at high effective normal stresses 
Shear fracture is the dominant mode of failure in rocks and coal. The shear strength of a rock material 
like brown coal is measured through the internal resistance of soil per unit surface area (Holtz, 1981). 
A direct shear test method, which has been used in this study, is the most commonly used geotechnical 
laboratory test used to calculate shear strength (Leventhal, 1987). The most common analysis of these 
tests is to use the Mohr-Coulomb Criterion which describes a linear relationship between normal and 
shear stress (or maximum and minimum principal stresses) at failure (Holtz, 1981). In 1900, Mohr 
proposed a criterion for the failure of materials on a plane that has a unique function with the normal 
stress on that plane of failure. When the direct shear test is carried out for a range of normal stresses 
a plot can be constructed with normal stress and shear strength on the axes as shown in Figure 6. A 
trendline can be added to the graph, which is also known as the failure envelope. It is important to 
note that not all trends in this scenario are linear, instead the best trendline must be used which can 
be curved or curvi-linear. Cohesionless materials, such as dry sand have a failure envelope which 
intercepts the shear stress axis at the origin, whereas materials that exhibit cohesion, such as clay or 
brown coal, have a failure envelope that intercepts the shear stress axis at a positive value which is 
known as the cohesion value (Pervizpour, 2004). The angle of the failure envelope also represents the 
friction angle of the material. The output of the analysis is a factor of safety, defined as the ratio of 
shear strength to the shear stress required for equilibrium. If the value of factor of safety is less than 
1.0, the slope is unstable (Lin et al., 2014).  
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Figure 6 The Mohr-Coulomb Criterion of failure (Yuen, 2016) 
The shear envelope is given by: 
𝜏 = 𝑐′ + (tan𝜑 ⁡×⁡𝜎′𝑛) 
Where: 
τ is maximum resistance to shear  
c’ is the effective cohesion (intercept at y axis) 
Φ is the friction angle  
σ’n is the effective normal stress (Yuen, 2016) 
The equation above is commonly known as the Coulomb equation and is important for calculating the 
strength of soils. Although the failure envelope in Figure 6 is a straight line, it is also common for 
certain soils to exhibit a failure envelope that displays a slight curve (Yuen, 2016). 
3.3.2 Shear behaviour at low normal stresses 
Stability analysis requires a value for the angle of shearing resistance of the soil that, for shallow slips 
where the depth to the locus of the slip is typically less than 2 meters, is mobilised at very low stress 
(Fannin et al., 2005). When a soil fails at a low stress it will then diverge from the Mohr-Coulomb 
criterion as the frictional behaviour at the sliding surface becomes the most critical factor (Senatore, 
2011). 
Difference in calculating shear behaviour at low normal stresses 
At shallow depths, where stresses are low, failure of the intact coal material is minimal and the 
behaviour of the coal mass is controlled by sliding at the discontinuities (Eid, 2014). To better 
understand the factors that affect the stability of a batter where coal is capped with a clay material 
requires shear strength tests to be carried out at the low in situ stresses that are likely to be created 
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by the clay liner. In 1985 Skempton demonstrated that the drained residual shear strength envelope 
of fine-grained soil is non-linear. Skempton also discovered that the stress dependency was more 
pronounced for plastic soils, such as clay, especially a low normal stress levels (Skempton, 1985). As a 
result of this nonlinearity, soil/soil, soil/rock interfaces, as found in batter rehabilitation, residual 
frictional resistances at low normal stresses, for example batter rehabilitation design, and could be 
significantly underestimated when soil friction parameters are estimated using shear test data 
obtained using high normal stresses. Slope stability analysis of shallow soil slopes is directly related to 
the measurement of the residual shear strength of soils at low normal stress, therefore measurements 
must be accurate (Eid, 2014). Due to this it can be determined that the Mohr Coulomb criteria is not 
suitable to predict the behaviour of elastic-plastic soils at low normal stresses. The issue of the effect 
of the nonlinearity of the shear strength failure envelope on engineering scenarios has been analysed 
by multiple researchers including: Bishop (1971), De Mello (1977), Maksimovic (1989), Perry (1994), 
Stark and Eid (1994), Mesri and Shahien (2003), Baker (2004), Yang and Yin (2004), Li (2007), Wright 
(2005), Nusier et al. (2008) and Noor and Derahman (2011). Several nonlinear function types have 
been propsed by past researchers, such as Baker (2004) and De Mello (1997), to define the curvature 
of the Mohr failure envelope, such as bilinear and trilinear functions. Researchers such as Maksimovic 
(1979, 1988, 1989) have also proposed that hyperbolic functions could also be used to describe 
nonlinear failure envelopes within wide stress ranges (Maghsoudloo, 2013).  
In 1994 Perry utilised a power function to analyse nonlinear failure envelopes, based on Janbu’s 
rigorous method of slices (Maghsoudloo, 2013). The power function used by Perry had the form          
𝜏 = 𝐴𝜎𝐵 where A and B are the properties of the material (Figure 7) (Perry 1994, Nusier et al., 2008).  
Figure 7 Behaviour of the function τ=AσB by changing A and B (Perry, 1994) 
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For a nonlinear failure envelope, the secant friction angle is a function of stress and material 
properties, this is demonstrated through the following equation (Maghsoudloo, 2013): 
𝜏 = 𝐴𝜎𝑏 (Equation 3) 
Where: 
τ is shear strength 
σ is normal stress 
A and b are the properties of the material (Perry 1994, Nusier et al. 2008) 
Through developing a correlation between the equation shown above and data recorded by Mesri and 
Shahien (2003), a value mr was developed to represent the amount of curvature in the nonlinear 
residual failure envelope (Maghsoudloo, 2013). 
In 1994, authors Stark and Eid discovered a correlation between soil index properties and residual 
friction angle, and completed research on the level of effect between nonlinearity in the failure 
envelope and slope stability (Maghsoudloo, 2013). Stark and Eid also completed valuable research on 
the effect of nonlinearity in 2D and 3D slope analysis methods, concluding that a linear failure 
envelope would overestimate the factor of safety (Maghsoudloo, 2013). 
In 2004, Yang and Yin improved the method of estimating whether a soil would undergo nonlinear 
failure by creating a technique they termed a ‘generalised tangential’. This technique places a 
tangential line on the curved failure envelope as shown in Figure 8 (Maghsoudloo, 2013). 
 
Figure 8 Nonlinear envelope with accompanying tangential line (Yang and Yin, 2004) 
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The tangential line can be defined as (Maghsoudloo, 2013): 
𝜏 = 𝑐𝑡 + 𝜎𝑛𝑡𝑎𝑛𝜑𝑡  
Where: 
ϕt is the tangential friction angle 
Ct is the intercept of the straight line of the shear stress axis 
σn is the normal stress 
τ is the shear stress 
The value of the intercept and the angle at reference point M in Figure 8 can be determined through 
the following equations (Maghsoudloo, 2013): 
𝑡𝑎𝑛𝜑𝑡 =
1
⁡𝑚𝜎𝑡
𝑐0(1 +
𝜎𝑀
𝜎𝑡
)
1−𝑚
𝑚  (Equation 3) 
𝑐𝑡 =
𝑚−1
𝑚
𝑐0(
𝑚𝜎𝑡𝑡𝑎𝑛𝜑𝑡
𝑐0
)
1−𝑚
𝑚 + 𝜎𝑡𝑡𝑎𝑛𝜑𝑡 (Equation 4) 
In 2007, Li completed research on the impact of nonlinear residual shear strength failure envelopes in 
finite element modelling during earthquake loading. Li reported there was a critical link between the 
earthquake loading and nonlinearity which led to a direct effect on stability analysis results 
(Maghsoudloo, 2013). 
Noor and Derahman (2011) stated that a nonlinear residual shear strength failure envelope can be 
interpreted as a curvilinear line. This statement was supported by the completion of a series of 
consolidated drained triaxial tests on granitic residual soil (Maghsoudloo, 2013). Noor and Derahman 
(2011) also highlighted that there is a large amount of nonlinearity in the low normal stress range. As 
illustrated in Figure 9, the residual shear strength failure envelopes obtained through the completion 
of triaxial testing gave a line that was made up of both linear and nonlinear segments (Maghsoudloo, 
2013). 
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Figure 9 Curvi-linear failure envelope of saturated soil (Noor and Derahman, 2011) 
 
Existence of plane of weakness 
The strength of coal varies widely with both on the type of lignite and on the planes of weakness 
present within it. Coal contains discontinuities including weak bedding planes, joints and faults. Failure 
of coal around shallow mine openings often results from loosening of blocks on these planes of 
weakness under the influence of gravity (Hurt et al., 2000). 
Joints are fractures or cracks in the coal and form potential planes of weakness on which coal blocks 
can move. Particularly at shallow depth, joints may be open, filled with loose or weathered material, 
or water. The conditions of the joint planes, their frequency and orientation will determine stability 
(Hurt et al., 2000). 
Joints are particularly likely to be open close to the surface in areas where water percolation and 
weathering has occurred preferentially along joint planes. Where joints are filled, the geometry, 
condition and strength of the fill will be important in determining the frictional resistance and 
therefore block stability (Hurt et al., 2000). 
Can standard shear tests at high normal effective stress be extrapolated to low effective stress 
conditions? 
Shear strength for intact materials can be obtained using empirical equations. Figure 10 illustrates the 
three main component based empirical equations derived by Barton in 1976 using roughness, wall 
strength and friction (Barton, 1976). In the 1980’s, Barton and Kjærnsli discovered the similarity of 
shear strength for rock joints and rock fill (Barton and Kjærnsli, 1981). 
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Figure 10 Simple empiricism, sometimes based on hundreds of test samples, suggested these simple ways to express peak 
shear strength (τ). Note the general lack of cohesion (Barton and Kjærnsli, 1976) 
By the nineteen seventies, it was commonly accepted that intact rock shear strength envelopes, when 
tested using a wide and varying range of confining stress, has a noticeable curvature, before eventually 
reaching a plateaued horizontal stage with no further gain in strength (Barton 1976). The plateaued 
horizontal stage in commonly referred to as the ‘critical state’, and the relationship σ1 = 3σ3 is 
illustrated below in Figure 11. 
 
Figure 11 Critical state line defined by σ1 = 3σ3 was suggested by numerous high-pressure triaxial strength tests. Note the 
chance closeness of the unconfined strength (σc) circle to the confining pressure σ3 (critical) (Barton, 1976). Note that ‘J’ 
represents jo 
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A study carried out in 2011 by researchers Singh et al. involved the re-analysis of triaxial test data 
presented in a variety of previous reports, including the addition of their own testing contributions 
(Singh et al., 2011). The study revealed the simplicity of the equality, σc ≈ σ3(critical), for the major rock 
types, as illustrated with the two Mohr circles touching at their circumference (Figure 11). The authors 
declared the outcome of this result would herald a ‘new era of triaxial testing’ (Singh et al., 2011). 
As a result of the curvature of the peak shear strength envelopes now described in a more accurately, 
fewer triaxial tests are required to be completed, with only tests at low confining stress required to 
be able to delineate the entire strength envelope (Barton, 2013). The discovery made by researchers 
Singh et al. does not apply to the Mohr Coulomb (MC) criteria or nonlinear criteria such as Hoek Brown 
(HB). These methods require triaxial tests to be completed over a wide variety of confining stresses in 
order to achieve the correct peak shear strength envelope and adjust to the greater local curvature 
(Singh et al., 2011). Overall Singh and his research team enhanced the Mohr Coulomb equation 
through absorbing the critical state originally put forward by Barton in 1976. Singh was also able to 
quantify the evident deviation from the linear envelope through the use of a wide range of 
experimental test data (Barton, 2013). 
A year later in 2012, Singh and Singh developed a related criterion for the shear strength of intact rock 
masses, with σc for the rock mass potentially based on a simplistic formula 5γQc1/3 (where Qc = Qσc/100 
(MPa)) and the formula uses γ to represent rock density and Q to represent the rock mass (Singh and 
Singh, 2012). The formula is based on six basic parameters including relative block size, inter-block 
friction coefficient and active stress (Barton et al., 1974). 
BMA Australia Coal Strength Model 
A commonly used model in the Australian coal mining geotechnical community is the BMA (formerly 
BHP Australia Coal) Coal Strength which is a framework described in 2004 by Simmons and McManus 
(Bradfield et al., 2013). It is mainly used for dragline-scale dumps and is based on laboratory tests with 
empirical adjustments analysing several large spoil dump failures carried out in partnership with the 
CSIRO. It is commonly noted that the frictional strength of mine spoil is strongly dependent on the 
magnitude of confining stress (Bradfield et al., 2013). The BMA strength framework contains a 
fundamental shortcoming in that it cannot be extrapolated to cover the stress expected in very high 
dumps. The cause of this critical shortcoming is that the framework is based on a Mohr-Coulomb linear 
fit for data within a defined stress range, and mine spoil shear strength behaviour is distinctly non-
linear (Bradfield et al., 2013). For the same reason the extrapolation of the framework to the low 
stress range will significantly underestimate the frictional strength for low spoil slopes (<30 metres), 
with the actual available shear strength considerably less than that estimated (Bradfield et al., 2013). 
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Past attempts at obtaining accurate shear strength results using a direct shear box method at 
low normal stresses 
In the past low shear tests have been carried out using soil and a hard surface, similar to the clay and 
sandpaper tests that will be carried out in this report (Eid, 2014). Eid studied the large-strain shear 
strength characteristics of fine-grained soils under low effective normal stresses (3-7 kPa) and the 
interface shear strength of these soils against a number of solid surfaces having different roughness 
levels (Eid, 2014). Eid used a modified torsional ring-shear apparatus, adapted for soil-soil soil-solid 
interfaces at low normal stresses, in conjunction with shear box tests on the same interfaces. These 
methods have been used to run similar tests in the past by Tika-Vassilikos (1991), Lehane and Jardine 
(1992), Lemos and Vaughan (2000). Researchers have had the most success in gaining data on soil-soil 
soil-solid interfaces at low normal stresses carrying out experiments using purpose built devices such 
as custom tilt table devices, custom made “Cam-shear” shear box and small-scale shear machines (Eid, 
2014). 
3.3.3 Resistance to sliding where the coal surface is keyed or friable 
Keyed surface 
Earthworks during the rehabilitation process can cause the coal to have a keyed surface. The 
undulations, in combination with the in-situ joints and cracks greatly influence the shear behaviour of 
the coal. Technology (2015), Barton and Choubey (1977), (Sa’ad and Ami, n.d.) and Khan (2016) all 
observed that the surface shear strength of a material increases as surface roughness increases. The 
surface shear strength of the brown coal is a crucial factor in the slope stability of a rehabilitated slope. 
In 1966, Patton proposed that the influence of undulations and crack on shear behaviour through 
shearing materials that had a ‘saw tooth’ surface as illustrated in Figure 12.  
 
Figure 12 Patton's experiment on the shear strength of saw tooth specimens (Technology, 2015) 
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Patton utilised the following relationship to represent the shear strength for saw tooth samples 
(Technology, 2015): 
𝜏 = 𝜎𝑛tan⁡(𝜑𝑏 + 𝑖) (Equation 5) 
Where: 
σn is the normal stress 
Φb is the basic friction angle of the surface 
i is the angle of the saw tooth face 
Patton’s equation is accepted to be ‘valid for materials under low normal stresses and where shear 
displacement is due to sliding along the inclined surfaces’ (Technology, 2015). The issue with saw 
toothed samples at higher stresses is that the teeth will break due to the limited strength of the 
material. The loss of the teeth on the surface of the material results in a shear strength relationship 
that is similar to the strength characteristics of the intact material as opposed to frictional 
characteristics of the surface (Technology, 2015). 
Friable surface 
Friable coal is coal that is brittle or can be readily crumbled and is used as a measure of strength 
(Speight, 2015). Friability is an important characteristic as coal degrades to form smaller proportions 
of the coarse sizes which directly causes an increased amount of surface in the friable coals. Increased 
surface area speeds up the rate of oxidation, creating conditions that are more favourable to 
spontaneous combustion.  Friability exposes fresh coal to air and moisture, allowing moisture 
adsorption and oxidation to take place. Despite oxidised coal commonly being less reactive, oxidised 
coal is more susceptible to air and water leakage due to its porous nature (Speight, 2015). 
A high percentage of analysed shallow slides occur within soil, minor cohesive and friable sediments 
or at the interface of competent rock with sediment or soil. Friable material like brown coal are more 
susceptible to erosion and sliding than other materials (Gray, 1988; Steinacher, 2009). A friable surface 
that is made up of a small granular material has the potential to act as a rolling surface that could 
create slope instability. When this scenario is uncontrolled, the issues progressively worsen which can 
lead to the development of large chasms along significant geological structures and within weak shear 
zones on pit slopes (Bulletin, 2015). 
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3.4 Physical property changes due to coal weathering 
3.4.1 Previous research in to physical changes in physical properties 
Swann et al. (1974) have run tests studying the effect of low temperature oxidation of an Australian 
brown coal on the changes in internal surface area. The internal surface area is determined by gas 
adsorption and may depend on the dimensions of the adsorptive molecules. Swann et al. (1974) 
heated brown coal for 45 days at 35°C under vacuum and applied the Dubinin-Polanyi approach to 
carbon dioxide isotherms to observe the following change (Meyers, 1982) (Table 4): 
Table 4 Change in surface due to brown coal oxidation (Meyers, 1982) 
 Surface area (m2/g) 
Initial 262 
Final 187 
Difference 75 
Difference (%) 28.63 
 
The observed decrease in surface area was attributed to absorbed oxygen blocking the micropores 
restricting CO2 flow (Meyers, 1982). The changes in internal surface area are not heterogeneous and 
will vary greatly with weathering and coal rank. 
Swann ran further oxidation studies in 1979 with Yallourn brown coal using a method where pure 
molecular oxygen, an oxidant (ChemcatChem, 2017), was used to oxidise the sample. The main 
objective of these studies was to analyse the change in mass when coal undergoes oxidation (Swann, 
1979). This determined that the mass of oxidised coal increased by 15 grams per 1 kilogram of dry 
coal, a 1.5% increase, despite losing mass due to the loss of carbon and hydrogen (Swann, 1979). The 
carbon and hydrogen are lost in the form of carbon dioxide, carbon monoxide and water in varying 
quantities. At 35°C, reactions within the vacuum chamber lead to the formation of functional groups 
such as phenolic groups, which broke down to release water. However, at 70°C, the carboxyl groups 
are formed and break down to release carbon dioxide (Swann, 1979). The reason behind the increase 
in mass is the formation of carboxyl, carbonyl and phenolic groups which are formed by the attack of 
the oxygen on the aliphatic structures of the coal (Swann, 1979). The results obtained by Swann were 
found to be quantitatively similar to observations by other researchers using black coal, but the extent 
of the reactions was found to be an order of magnitude higher (Swann, 1979). 
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Effect of weathering on shear strength of a soft rock 
 
In 2010 researchers Miscevic and Vlastelica of University of Split in Croatia analysed changes in shear 
strength of a soft rock Marl from Eocene flysch strata found in the Dalmatia region in Croatia (Miscevic 
and Vlastelica, 2010). The authors asserted that degradation in strength is one of the main 
characteristics affected by weathering in soft rock. It was determined that the major cause of strength 
degradation is due to weathering, specifically via the wetting-drying process. As a result of this 
determination marl samples were tested for deterioration of shear strength due to simulated wetting-
drying weathering (Miscevic and Vlastelica, 2010). Initial measurements were carried out using a 
portable shear apparatus in order to establish and implement a modified process of sample 
preparation. The major aspect of sample preparation was to carry out the weathering of samples using 
a wetting-drying technique simulated in laboratory conditions. Samples weathered under laboratory 
conditions were subjected to 2 to 8 cycles of wetting-drying (Miscevic and Vlastelica, 2010). To 
compare and analyse the difference in shear strength between unweathered and weathered material 
two basic pieces of information were identified as required. Firstly, a field analysis of the depth of the 
degraded layer on the surface of the slope is required along with the rate of weathering through the 
depth (Miscevic and Vlastelica, 2010). Secondly, the rate of strength degradation compared to the 
strength of intact material needs to be obtained. The results of the testing carried out by the authors 
provided the conclusion that the magnitude of the strength degradation depends on the strength of 
unweathered material and the number of simulated weathering cycles (Miscevic and Vlastelica, 2010). 
The authors were also able to determine that the weathered samples had lower values of cohesion 
and same value of angle of friction, compared to the values obtained from unweathered sets of 
samples. Miscevi and Vlastelica concluded that the magnitude of strength degradation depends on 
strength of unweathered material, as well as the number and order of simulated weathering cycles 
(Miscevic and Vlastelica, 2010). 
3.4.2 Weathering effects on the hydraulic properties of brown coal 
Permeability of intact fresh coal 
The permeability of intact coal has been determined by numerous researchers including Rosengren 
(1961), Brown (1963) and Green (1970) using rate of dissipation of pore water pressure versus time 
from consolidation tests. Figure 13 illustrates a summary of the study completed by Trollope, 
Rosengren and Brown in 1965 (Trollope et al., 1965). The study determined that the intact brown coal 
seams at Yallourn and Morwell had a permeability range of 5x10-10 to 5x10-8 cm/sec. Green (1970) 
carried out further testing on the permeability of Morwell seam coals and obtained an average value 
of 5x10-9 cm/s (Green, 1970). Green carried out further tests on samples parallel to the bedding, the 
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permeability of these samples demonstrated an increase of ten times the permeability of the samples 
normal to the bedding. A larger increase was observed in coal seams located closer to the surface, 
with this phenomenon potentially indicating more bedding plane partings due to stress relief. 
The function of permeability in Latrobe Valley brown coal seams is governed by faults and joints 
associated with geological structure. Loy Yang’s anticlinal dome-structure has been determined to 
have high permeability zones in the range of 10-4 to 10-8 cm/s.  
Does weathering affect hydraulic conductivity? 
However, difficulties occur when studying the effects of weathering on the hydraulic properties of 
brown coal. Hydraulic conductivity in brown coal is governed by fractures and the weathering process 
could potentially create surface expressions of fracture zones which would have higher permeability 
than ‘fresh’ coal (Rehm et al., 1980).  
  
Figure 13 Permeability versus moisture content for Yallourn and Morwell coals (Trollope et al., 1965) 
35 | P a g e  
 
Arikan (2012) has propsed that discontinuities in dacites, for examples faults or joints, have large 
hydraulic conductivity and aid in the downward flow of surface water so they cause chemical 
weathering at the depth similar to that at the surface (Arikan, 2012). Arikan also found that due to the 
presence of these discontinuities with large hydraulic conductivity, the weathering depth of the hard 
rock in the area studied in their is very nonuniform (Figure 13) (Arikan, 2012). 
Further studies carried out by Meiers et al., 2011, determined that weathering, in the form of a 
freeze/thaw cycle impacted on the hydraulic conductivity of a shale. These findings are in line with 
the results found by Othman and Benson (1993) and Eigenbrod (1996). The trend in the change of 
conductivity of the shale asserted that characteristics of the freeze/thaw cycle, such as the 
dimensionality of freezing and temperature gradient, are factors influencing the change in hydraulic 
conductivity (Meiers et al., 2011). Meiers et al. also discovered that the cover profile 
thickness/overburden pressure may have restricted or limited the changes in hydraulic conductivity. 
However it was found to be more difficult to conclusively prove that freeze/thaw cycling alone controls 
the changes in the hydraulic conductivity of the shale because this material actually undergoes 
weathering following placement (Meiers et al., 2011). The weathering process of shale is quite 
complex but Barbour et al. (2007) suggested that it appeared to include oxidation (Barbour et al., 
2007) (Meiers et al., 2011). In Australian conditions it is highly unlikely that Loy Yang brown coal will 
be exposed to freeze/thaw conditions. 
In a batter rehabilitation scenario it is possible that surface water could infiltrate through the clay 
capping to the coal face. Potential transport of oxygen through the surface water to the coal face 
would cause coal weathering through oxidation. As Meiers et al. (2011), Barbour et al. (2007) and 
Arikan (2012) determined, weathering in the brown coal could cause a change in the hydraulic 
conductivity of the coal, potentially lowering the value. As a direct result of this potential scenario, a 
build-up of water could occur in the weathered coal, between the fresh coal and the clay capping, 
creating a possible increase in pore water pressure, which could lead to a lifting and sliding failure in 
the capping materials. The water would build up at this interface as the desiccation cracks would 
transport the water from the surface to the interface, and the permeability difference between the 
weathered and fresh coal would trap the water in the weathered coal section, creating the pressure 
build up. 
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Does a change in hydraulic conductivity affect the resistance to sliding? 
Hydraulic conductivity K, has been analysed by many researchers for its effects on slope stability. The 
researchers include Reid (1997, 1998) and Cho and Lee (2001). The research determined that a 
variation in hydraulic conductivity can lead to a change in pore water pressure distribution, which 
directly impacts on the effective stress and slope stability during rainfall infiltration or excess 
groundwater flow (Mukhlisin and Taha, 2011).  
Reid (1997) studied the effects of small variations in hydraulic conductivity relating to instability by 
using groundwater flow modelling, finite-element deformation analysis, and limit-equilibrium analysis 
(Mukhlisin and Taha, 2011). Reid’s research determined that soils with similar textures can have major 
variation in hydraulic conductivity that span several orders of magnitude and variations in frictional 
strength. The impacts of variation in pore pressure as a result of subtle changes in hydraulic 
conductivity can affect stability.  
In a batter rehabilitation scenario there is potential for cracks in the clay capping material to expand 
to the extent that infiltrated rain water reaches the coal/clay interface. The phenomenon creates the 
possibility that both the hydraulic properties of the coal and the clay could change causing overall 
slope instability and possible failure. 
Effect of water on slope stability 
The mechanism of rainwater infiltration causing instability of slope has been investigated by many 
researchers. (Mukhlisin et al., (2006, 2008, 2011); Mukhlisin and Taha, (2011); Ray et al., (2010); 
Pradhan and Lee, (2009)). The authors conclude that while water is not always directly responsible as 
the transporting medium in the mass movement process, it does play a critical role. Water from rainfall 
adds weight to the slope. Water can infiltrate into soils such as clay and replace the air in the pore 
space or fractures (Nelson, 2013). In principle, rainwater infiltration into soil increases the degree of 
saturation (decreases the negative pore water pressure), hence decreases the shear strength and 
increases the probability of slope failure  (M. Mukhlisin, 2011). 
The minerals in the clay capping could also absorb or adsorb water. Adsorption of water leads to the 
electrically polar water molecule to attach itself to the surface of the clay (see Figure 14) (Nelson, 
2013). Whereas absorption leads to the clay minerals taking water into their structure. This directly 
causes an increase in the weight of the clay. Adsorption can also cause surface friction contact 
between mineral grains which could lead to a loss in mineral grains and a loss of cohesion, reducing 
the strength of the clay (Nelson, 2013). In most cases, dry clay has a higher strength than wet clay, 
with adsorption of water leading to reduced strength in clay-rich soils. 
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Water can also have the negative effect of dissolving the mineral cements that holds the clays minerals 
together. Mineral cement is often made of calcite gypsum, or halite, which are all dissolvable in water, 
which can lead to a reduction in cohesion between the clay mineral grains (Nelson, 2013). 
3.5 Measuring the weathering of coal 
3.5.1 Why are artificial weathering tests important to this research? 
Artificial weathering in this work aims to provide a greater insight into issues such as the rate of 
weathering, as well as the amount of oxygen taken to weather a predefined mass of coal. Controlled 
weathering in the laboratory may also allow samples that have undergone various degrees of 
oxidation to be analysed in terms of the changes in structural, strength and hydraulic properties. 
3.5.2 Artificial weathering techniques 
Artificial weathering has been frequently used in relation to bituminous coal as weathering improves 
the coking properties. In the past, one of the challenges associated with artificial weathering of coal is 
that in order to speed up the oxidation process, which naturally takes years to occur, and produce 
measurable changes in a short period of time, high temperatures or pressures need to be used.  
However, various methods have been developed to assess low temperature oxidation of geological 
materials including: 
  
Figure 14 The effect of adsorption on a clayey material causing a loss of cohesion (Nelson, 2013) 
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 Freeze-thawing 
Freeze-thawing is a method that incorporates the use of a chamber that has a control led freeze-thaw 
cycle with an accuracy of ±1.0 °C. The samples used in the experiment were pre-saturated in 20 C 
water at an air pressure of 101.3 kPa for 2 days (J. Ruedrich, 2010). Following the sample preparation 
the specimens are placed in an air-filled freeze-thaw chamber, where the following 12-hour 
temperature cycle takes place (Ruedrich, 2010): 
1. The temperature is lowered from 20 C to -8 C at a rate of 2 C per hour (dry conditions) 
2. The temperature is lowered further to -12 C over a period of 4 hours (dry conditions) 
3. The chamber is filled with water in a period of 30 minutes until the specimen is completely 
submerged at temperatures of 5 to 20 C (wet conditions) 
4. The specimens remain submerged for 5 hours 
5. The chamber is completely drained in 30 minutes 
6. The specimens are removed from the chamber after every 70 cycles and dried in a ventilated 
oven at 70 C 
7. This process is repeated until the total number of cycles is 280 
The procedure weathers both intact and ground coal, and through varying the temperatures and 
durations it is possible to achieve varying levels of weathering. 
Freeze-thaw weathering techniques will not be used for this research as this method is known to turn 
brown coal into a flexible or malleable material. 
 Salt crystallisation 
Samples are immersed to one third of their height in a water and a saturated sodium chloride solution. 
The setup is exposed to alternate cold-humid and warm-dry conditions for 12 hours and repeated for 
varying temperatures and humidity for a total duration of 8 weeks (Kwaad, 1970). Weathering 
products (crystallised salts) are collected every 2 weeks. The collection is carried out by dissolving the 
crystallised salt with water and rubbing the surface of the material to ensure that it is free of debris. 
Once this is carried out the sample is placed back into the water and salt solution. The debris are then 
rinsed with water until clean of salts, dried and then weighed (Kwaad, 1970). 
Salt crystallisation weathering technique will not be used for this research as this method is more 
commonly used for rocks such as granite. 
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 Isothermal flow reactor 
Krishnaswamy et al. used an isothermal flow reactor to artificially weather coal in 1996. The method 
used by the researcher was to use a flow reactor that is isothermally operated and consisted of four 
U-shaped copper tubes (Krishnaswamy et al., 1996). Approximately 100g of coal was packed loosely 
in each tube and the tubes were immersed in a water bath maintained at ambient temperature. 
Humidified air was also immersed in the water bath and permitted to flow through the reactors 
(Krishnaswamy et al., 1996). This ensured that the moisture in the inlet gas was in equilibrium with 
the moisture in the coal, eliminating evaporation, recondensation and the attendant heat effects. The 
flow rate and composition of outgoing gas was monitored as a function of time and analysed using gas 
chromatography (Krishnaswamy et al., 1996). This test method for oxidising coal was confirmed 
through tests run on both weathered and raw coal, with raw coal demonstrating negligible changes 
(Krishnaswamy et al., 1996). 
A variation on the isothermal flow reactor weathering technique will be used for this research to 
calculate the uptake of oxygen by a brown coal to reach maximum weathering.   
 Exposure to pure molecular oxygen at pressure 
The method of exposing brown coal to pure molecular oxygen was well utilised by Swann and Evans 
in 1979. The experimental setup used placed a piece of coal with known mass in a polypropylene 
bucket suspended from a calibrated spring in a glass reactor provided with temperature and pressure 
control creating an atmosphere (Swann and Evans, 1979). The setup also included a means of addition 
of oxygen and removal of gas samples for chromatographic analysis. The used ASTM standard 
suggested maintaining an oxygen gauge pressure of 101.3 kPa and a temperature of 35 ⁰C to simulate 
ambient temperatures at a LaTrobe Valley open-cut mine during summer months (Swann and Evans, 
1979). 
A variation of the exposure to pure molecular oxygen at pressure weathering technique will be used 
for this research to weather samples of brown coal. This method was chosen as it is relatively simple 
to set up and it is a proven and accurate technique. 
  
40 | P a g e  
 
3.5.3 Why is measuring the degree of weathering important to this research? 
Measuring the degree of weathering of a piece of brown coal will allow an estimation of the degree 
of weathering to strength and hydraulic characteristics.  Calculating a measure for the degree of 
weathering of coal will also allow the impact of potential smearing behaviour at the coal/clay interface 
to be examined.  
The potential changes in the properties of the brown coal with time due to weathering are important 
as currently they are not well understood. Several methods have been trialled and used successfully 
to assess the degree of weathering in coal. A method will be selected for use in this research and 
comparisons will be made to past research with black coal as there are not many published results for 
brown coal.  
Methods to assess degree of weathering 
Measuring the degree of weathering in coal for the purpose of defining an accurate value for 
weathering is not a straightforward task, although brown coal is a heterogeneous material, coal 
exhibits variations depending on the seam, giving the coal slightly different properties (Jha, 2014). Due 
to this issue the most common method previously used to assess coal for oxidative weathering is 
comparing colour and physical strength profiles (Tamamura, 2015). 
The main issues with the existing methods used to assess the degree of oxidative weathering of 
materials, including brown coal, is that they only provide relative values (Yun, 1987). The most 
common method is to directly compare the value of a weathered col to an in situ ‘fresh’ coal, with the 
assumption that the ‘fresh’ coal is completely unweathered, however it is difficult to prove that this is 
true (Jha, 2014). Past attempts to measure the degree of weathering effects on materials such as coal 
used the following methods (Jha, 2014): 
 Alkali extraction test 
Alkali extraction tests involve coal being boiled in a caustic solution that dissolves the oxidised coal 
and darkens the solution (Gray, 1980). The darkened solution is tested for light transmittance, where 
a decrease solution transmittance indicates a higher degree of oxidation. This testing method is used 
by U.S. Steel to reduce the amount of oxidised black coal from captive and purchased coals, using 80% 
transmittance as the level of rejection (Gray, 1980).  
The alkali extraction test method for measuring the degree of weathering effects will not be used in 
this research as in the past it has been used predominantly on black coal meaning comparative studies 
will be difficult to locate. 
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 Fourier Transform Infra-Red Spectroscopy (FTIR, PA-FTIR, TG-FTIR) 
Fourier Transform Infra-Red Spectroscopy (FTIR) is the most common technique used for studying coal 
oxidation/weathering. The reason that this method is most used is that it provides information on 
structural changes due to coal oxidation and has been used in many valuable publications (Sen, 2009). 
The chemical structural changes are viewed in the infra-red spectrum of the oxidised coal and are 
illustrated through either the increase or decrease of various bands, or the generation of new bands. 
ATR FTIR uses and infrared spectrum to detect an increase or decrease in various bands that show 
evidence of oxidation through changes in various oxygenated groups (see Figure 15) (Sen, 2009). It is 
widely acknowledged that these various oxygenated groups namely hydroxyl, carboxyl, carbonyl, and 
ether/ester linkages are created through the decomposition of intermediate peroxide and 
hydroperoxide formations caused by low temperature oxidation in coal (Sen, 2009). These oxygenated 
group show significant changes in the 1900-1400 cm-1 range which is a key indicator of coal weathering 
through oxidation (see Figure 16).  
 
Figure 15 A full FTIR spectrum for Loy Yang brown coal 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
050010001500200025003000350040004500
A
b
so
rb
an
ce
Wavenumber (cm-1)
FTIR Spectrum
42 | P a g e  
 
 
Figure 16 A zoomed view of the hydroxyl peak at wavenumber 1700 which illustrates the difference in peak height 
between a weathered and raw sample of Loy Yang brown coal 
The band that will be most focused on in this report is the 1700 cm-1 which is assumed to be due to 
coal oxidative conversion to carboxylic groups (see Figure 16) (Yaman et al., 2000). This absorbance 
peak indicates carboxylic acids and Ketone groups. The peak at 1621 cm-1 is attributed to either to C=O 
or C=C aromatic ring stretching (Chandralal et al., 2014). Oxidation that occurs at close to ambient 
temperature creates changes that are subtler in the infra-red spectrum. These small changes are more 
appropriately interpreted using spectral subtraction, band ratioing and curve fitting techniques (Sen, 
2009). The Fourier Transform infra-Red Spectroscopy method for measuring the degree of weathering 
effects will be used in this research as it is a simple approach, it has been verified by many authors 
and is well understood. 
 Calorimetry 
A bomb calorimeter is a simple device that can be used to determine the calorific value of brown coal. 
The procedures using the bomb calorimeter to run this test are common and are included in the ASTM, 
ISO and BIS. According to researchers Teo (1982), Marchioni (1983), P. Fredericks (1983), Giroux 
(2006), Liotta (1983), Yun (1991), there is an evident decrease in calorific value with increased duration 
of oxidation for bituminous coal. Iglesias et al. observed this trend in medium volatile bituminous coal. 
The calorific value of the bituminous coal decreased by 28% from starting value in 14 days of oxidation 
at 200 ⁰C (Iglesias, 1998). The calorimetry method for measuring the degree of weathering effects will 
not be used in this research, however given it is a simple and quick method it could be used to verify 
results. 
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 Thermal analysis methods, eg. Thermogravimetry 
Thermogravimetric analysis (TGA) has been used by authors such as Oreshko (1951) and Jakab et al. 
(1991) to analyse mass change due to the oxidative process as a function of temperature. These 
researchers observed that using a slow heating rate during thermogravimetric analysis, various 
distinct stages were evident (< 70 ⁰C, 70 ⁰C - 150 ⁰C, 150 ⁰C - 230 ⁰C and >230 ⁰C respectively). Jakab 
et al. interpreted through the chemical mechanisms of these mass changes that lower rank coals have 
a higher range of devolitilisation temperatures and are therefore more likely to undergo oxidation 
(Jakab et al., 1991).  
The thermal analysis methods for measuring the degree of weathering effects will not be used in this 
research as it is a complex method that has scarce publications available on brown coal. 
 Zeta potential of coal particle suspensions in H2O 
Researchers such as Wen and Sun have utilised flotation tests to assess the initial stages of an increase 
in coal oxidation which led to an increase in the negative value of the zeta potential and decrease in 
the isoelectric point and decrease in contact angle (Wen and Wun, 1977). Wen and Sun determined 
that oxidation reduces the point of zeta potential depending on the degree of oxidation. Yarar and 
Leja (1981) and Bolat et al. (1998) investigated the correlation between the zeta potential of oxidised 
coal and its response to flotation. These studies determined that oxidation led to a decrease in 
floatability, but that additives could be used to increase floatability. 
The zeta potential of coal particle suspensions in H2O method for measuring the degree of weathering 
effects will not be used in this research as it is gives qualitative results rather than quantitative. 
 Coal slurry pH measurement 
Kramers and McKee (mentioned in Jones and Townsend, 1946) first trialled slurry pH work on coal in 
the 1940’s. The research determined that the pH of a slurry of coal in methanol with 5 per cent water 
decreased with an increase in the level of coal oxidation. Later Gray et al. (1976) utilised this method 
to assess the degree of oxidation in coal as it was simple yet yielded high quality results. Gray et al.’s 
tests concluded that low volatile bituminous coal that had undergone sever weathering observed 
slurry pH changes from 7.1 to 5.5 (Gray et al., 1976). Various other authors have also had success using 
this method including Hill et al. (1984), Iskra and Laskowski (1967), Mikula et al. (1985) and Yun et al. 
(1987). 
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The coal slurry pH measurement method for measuring the degree of weathering effects will not be 
used in this research as despite the low cost and simplicity, very few studies have been carried out on 
brown or Australian coals. More extensive studies need to be carried out using this technique for it to 
be used as a comparative analysis for brown coal. 
 Technique selected from project requirements  
The technique that is best suited to the analysis of the degree of weathering of brown coal for this 
project is Fourier Transform Infrared Spectroscopy (FTIR). FTIR is the most commonly used technique 
employed in the study of coal oxidation/weathering (Sen, 2009). FTIR provides information on the 
structural changes as a result of coal oxidation and over the years has provided valuable published 
information about various structural changes resulting from oxidation (Sen, 2009).  
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4. Determining a Weathering Index 
Coal is a complex, predominantly organic porous solid which is important both as an energy and a 
chemical source material (Wang et al., 2003). The physical and chemical properties of most coals are 
sensitive to air oxidation. From a structural standpoint, oxidation results in changes to the swelling 
properties of coals. These changes imply that oxidation alters the fundamental structure of the coal 
in addition to the chemical composition.  
Quantifying the degree of weathering in coal is not an easy task as most current methods only deliver 
qualitative results. Various physical and chemical analytical techniques have been applied to identify 
and quantify solid oxygenated complexes formed by low temperature oxidation of coal (Wang et al., 
2003). These techniques include physical and chemical titration (Jones and Townsend (1949), 
Radspinner and Howard (1943)), infrared spectroscopy (Swann and Evans, 1979), Fourier transform 
infrared spectroscopy (Gethner (1985, 1987, 1987), Lynch et al. (1987)), X-ray photoelectron 
spectroscopy (Perry and Grint, 1983), secondary ion mass spectroscopy (Martin et al. 1989), and 
nuclear magnetic resonance (MacPhee and Nandi, 1981) (Wang et al., 2003). There is no generally 
accepted understanding of the oxidative process, despite past research efforts.  
Using ATR-FTIR spectroscopy, the research reported here has examined the low temperature 
oxidation of Loy Yang brown coal. Past researchers including Wang et al. (2003) have observed FTIR 
techniques to be sensitive to chemical alterations occurring in thin-section samples of coal treated 
with gasses (Wang et al., 2003). Fourier Transform Infra-Red Spectroscopy (FTIR) is the most used 
technique for the analysis of coal oxidation and weathering. However, presently the boundaries of 
coal weathering have not yet been determined meaning that the FTIR method can only be used to 
determine whether coal has undergone oxidation.  
Through the weathering index outlined in this chapter sampled profiles of in situ weathered brown 
coal were able to be quantified using a relative measure. FTIR was used to obtain information on the 
structural changes due to coal oxidation and is observed through the increase or decrease in intensity 
of the 1700 cm-1 peak on the infrared spectrum which denotes the carbonyl peak. The typical units for 
FTIR data are wavenumber or reciprocal centimetres. Silverstein et al. (1981) has proposed that 
oxygenated groups show various degrees of variation in the 1400 to 1900 cm-1 range and were used 
as an indicator of coal weathering through oxidation (Sileverstein et al., 1981).  
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In work reported in 1987 Gethner proposed that this range on the spectrum represents the carbonyl 
region of the spectrum (1670 cm-1) and indicates the loss of carboxylic functionality which is the 
principal chemical change that occurs during the weathering process (Gethner, 1987). Gethner (1978) 
identified that the position of the absorption at 1670 cm-1 suggests that the principal moieties are 
either the carbonyl stretch in complex unsaturated ketones, aldehydes and/or esters, or the carbonyl 
stretch in a carboxylic acid having internal hydrogen bonding. Gethner (1987) also suggested that as 
absorption increases can be seen in the O-H stretching region, carboxylic acids are a possibility 
(Gethner, 1987). The Fourier Transform infra-Red Spectroscopy method for measuring the degree of 
weathering effects will be used in this research as it is a simple approach, it has been verified by many 
authors including: Sen (2009), S. Devasahayam (2015), Yaman et al. (2000) and Chandralal (2014), and 
is well understood. Figure 17 below is an example of an infrared spectrum obtained through FTIR 
testing of Loy Yang brown coal. 
 
Figure 17 FTIR spectrum of Loy Yang brown coal 
FTIR analysis will focus on three main points on the spectrum, the peaks at wavenumbers 1700 cm-1 
and 1600 cm-1 and the amplitude at wavenumber 1300 cm-1. The peak at 1700 cm-1 was selected as it 
represents the carbonyl peak which gives a strong indication of the amount of oxidation the sample 
has undergone. The peak at wavenumber 1600 cm-1 and the point at wavenumber 1300 cm-1 were 
selected to verify the weathering trends obtained from calculations using the carbonyl peak. 
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4.1 Field scale weathering observations at Loy Yang Mine 
In order to gain a rounded understanding of brown coal weathering under in-situ conditions augured 
samples were obtained from the North-West corner of AGL Loy Yang Open Cut Mine (see Figure 18). 
This location was chosen as both rehabilitation was occurring allowing direct access to fresh coal 
surfaces, with coal areas close that were disturbed and exposed to atmospheric conditions. Three 
auger holes were drilled and samples collected for both the unweathered and weathered areas, a total 
of six locations.  
 
Figure 18 The North-West corner of AGL Loy Yang Open Cut Mine was chosen as the sampling location for the augured 
samples 
The cut surface coal samples were taken from the most recently rehabilitated batter, with the exposed 
samples taken from slopes either side of this now rehabilitated site. Samples were taken by hand to a 
depth of 1.25m using a 1.5 metre hand auger. Each sample was placed in a labelled sample bag and 
stored in a cold container to prevent further weathering until they were placed in a cool room 
maintained at 12°C. Information in the literature identifies that the majority of physical weathering, 
especially through the means of thermal expansion and contraction (insolation weathering) which 
creates cracks in the sample for oxygen flow and the oxidation process, will occur in the top 0.5 metres 
after 6 months, and 1 meter after approximately 5 years for ligneous coal (Durie, 1991). Weathering 
can be directly linked to moisture loss and has been proven to be one of the simplest key indicators 
(Jha, 2014). As a result the sampling for the top 250mm was carried out in 200mm increments, with 
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the remaining 1000mm of the auger hole carried out in 100mm increments, creating 15 samples in 
total for each location. This procedure was carried out three times for each location type to assess the 
variability of the results. The samples taken from the freshly cut surface were expected to show little 
sign of weathering, represented by a relatively consistent FTIR peak for each sample over the depth 
profile, whereas the samples from the exposed surfaces were expected to demonstrate clear evidence 
of weathering, with highly weathered material at the surface and with weathering diminishing with 
increasing depth. 
 
4.2 Analysis of FTIR results to qualify and quantify weathering 
Analysis of the obtained FTIR spectra was carried out for each depth increment of each of the sampled 
profiles of Loy Yang brown coal (Table 5).  The analysis involved the comparison of the segments of 
the spectrum directly affected by oxygen. Specifically these segments are the peaks at wavenumbers 
1600 cm-1, 1700 cm-1, as well as the value at wavenumber 3000 cm-1. 
Figure 19 illustrates the values at each of these locations on the spectrum for each of the depth 
increments for the one of the cut sample locations. 
Table 5 Break down of depth profile for augured locations 
Increment Depth of sample from surface Increment Depth of sample from surface 
1 0 – 5 cm 9 55 – 65 cm 
2 5 – 10 cm 10 65 – 75 cm 
3 10 – 15 cm 11 75 – 85 cm 
4 15 – 20 cm 12 85 – 95 cm 
5 20 – 25 cm 13 95 – 105 cm 
6 25 – 35 cm 14 105 – 115 cm 
7 35 – 45 cm 15 115 – 125 cm 
8 45 – 55 cm   
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Figure 19 Analysis of selected wavenumber over a depth profile 
Figure 19 demonstrates that the absorbance for each of the selected wavenumbers follows a near 
identical trend with depth of sample. As a result of this trend the carbonyl peak at wave number 1700 
cm-1 has been determined by past researchers (Sen 2009, S. Devasahayam 2015, Yaman et al. 2000 
and Chandralal, 2014) as the most dominant section of the FTIR spectrum associated with oxidation, 
will be used to develop a weathering index for subsequent weathering analysis. 
In order to quantify the qualitative results shown in Figure 19, the area under the curve between the 
wavenumbers 1670-1750 was calculated for each incremental sample. The calculation to determine 
area of a sample is shown by: 
𝐴𝑆 = (
𝑌1+𝑌2
2
) × (𝑋2 − 𝑋1)  (Equation 6) 
Where X values are measured in wavenumber and Y values are measured in absorbance. 
Illustrated in Figure 20 below is the graph containing the calculated area values for an exposed 
(weathered) depth profile of Loy Yang brown coal. The area under the 1670-1750 wavenumber peak 
generally decreases with depth indicating a decrease in weathering caused by oxidation, though there 
is significant variability with depth in the measurement. 
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Figure 20 A calculated area depth profile analysis 
A weathering index can be created using the area under the curve between wavenumbers 1670-1750 
cm-1 for a completely weathered sample, a completely unweathered sample and a chosen sample 
using the following equation: 
𝑊𝐼 =
𝐴𝑆−𝐴𝑈
𝐴𝑊−𝐴𝑈
× 100 (Equation 7) 
Where: AS is the area of sample being analysed, AU is the area of the fully weathered sample and AU is 
the area of the fully unweathered sample. 
When the equation is equal to 100, the coal sample would be assumed to be 100 percent weathered, 
however if the equated value is closer to 0, the sample would be assumed to be approaching fresh or 
unweathered coal. 
In order to use this weathering index the area of a fully weathered sample and a completely 
unweathered sample must be obtained. Owing to the absolute boundary samples being unknown, the 
most and least weathered samples of the six sampled profiles were used to define the weathering 
index limits. As a result the weathering index constructed in this chapter is an indication of the 
approach. Chapter 7 investigates a method using an autoclave to construct a more accurate 
weathering index, where the 100% weathered boundary can be obtained.  
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Figure 21 illustrates a comparison between the assumed fully weathered and assumed completely 
unweathered samples used in the construction of the indicative weathering index with relation to the 
hydroxyl peak (full spectra for the assumed samples assumed to be fully and completely unweathered 
are illustrated in Appendix A Figures 5-10. 
 
Figure 21 Comparison of the hydroxyl peak for a completely weathered and completely unweathered sample 
In relation to the values required in equation 7, the area for each sample was calculated to give the 
values, AW1 = 2.19, AW2 = 2.64, AW3 = 2.12, and AU1 = 1.47, AU2 = 1.60, AU3 = 1.41. 
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4.3 Change in method for drying sample 
Midway through the testing plan a decision was made to alter the drying method from oven drying to 
freeze drying due to the potential for further oxidation to occur when drying in the oven at 60°C. 
Additional oxidative weathering of the sample could lead to false weathering index readings. In order 
to conduct analysis on the samples that were oven dried, a relationship was determined between the 
oven drying and freezing methods to calculate a conversion factor. The conversion factor was 
determined by running Fourier Transform Infra-Red analysis on a series of consistent samples over a 
depth profile dried using each of the techniques (Appendix A.1). The formula for conversion was 
obtained from analysing both the peak and areas under the hydroxyl peak at wavenumber 1700 cm-1 
for each of the samples and graphing the freeze dried samples against the oven dried samples. The 
results from this analysis are illustrated below in Figure 22.  
Figure 22 also shows that the results gave a trendline fit of 75.88% for area values, which was a 
marginally better fit that than the trendline for peak values which was 72.81%. These obtained values 
indicate that the fit for the comparison using area has a smaller variance and therefore will give a 
better conversion value for oven dried samples to freeze dried samples.  
In order to make the conversion the oven dried sample is simply substituted as the ‘x’ value in the 
trendline equation as shown in equation 3 below. 
𝐹𝑟𝑒𝑒𝑧𝑒⁡𝑑𝑟𝑖𝑒𝑑⁡𝑎𝑟𝑒𝑎 = (0.4466 × 𝑂𝑣𝑒𝑛⁡𝑑𝑟𝑖𝑒𝑑⁡𝑎𝑟𝑒𝑎) + 1.5114  (Equation 8) 
Using this equation all the results in this chapter can be considered as being freeze dried. 
 
Figures 23 and 24 on the following pages illustrate the calculated weathering index results for the two 
Loy Yang brown coal locations. 
y = 0.4466x + 1.5114
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Figure 22 A comparison of an identical sample prepared using the oven and freeze dried drying methods 
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Fresh sample location 
 
Figure 23 Weathering index analysis of the cut sampling areas over a depth profile of 1.25 metres 
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Disturbed and exposed sample location 
 
Figure 24 Weathering index analysis of the exposed sampling areas over a depth profile of 1.25 metres 
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As illustrated in Figures 23 and 24, different trends with depth are evident when comparing the cut 
and exposed sample locations. The cut location exhibits a relatively low percentage of oxidative 
weathering, mostly between 30 to 60 percent. The other key trend to notice is that there is no 
evidence of weathering increasing or decreasing significantly throughout the profile. Since no 
weathering was expected below the cut surface, the results are consistent with the prediction. 
The exposed location in comparison exhibits high levels of weathering close to the surface, ranging 
from 100 to 50 percent relative to the selected datum. The main trend to note is the clear overall 
decline of weathering with depth of the profile. This trend is expected in areas where the brown coal 
has been exposed at the surface for a lengthy period of time. Research carried out by Kean University 
suggest that the surface dries out over time causing the micro cracks in the brown coal to expand and 
get deeper (University, 2017). These cracks transport oxygen in the form of air and water into the coal 
causing oxidation, creating the exhibited trend where weathering is prominent at the surface and less 
pronounced with depth. 
The creation of a weathering index using a highly weathered sample, assumed to be approximately 
100% weathered and a ‘fresh’ sample, assumed to be 0% weathered, allows the results from different 
locations to be compared. The cut sample locations exhibited a relatively low level or oxidation with 
no discernible trend in weathering over the 1.25 metre profile. The samples taken from the area where 
the coal surface had been exposed to atmospheric conditions for a lengthy period of time exhibited 
strong trends showing a high level of weathering close to the surface, with lower weathering levels at 
depth. 
Figure 23 and 24 also demonstrate the high variability of weathering with depth despite the three 
augured samples for the fresh and weathered samples being located within close a proximity. This 
highlights that weathering is not a uniform mechanism which is expected as it is controlled by flow 
paths. Figure 23 demonstrates this observation clearly with the profile showing little sequential 
changes with depth, with the values instead remaining for the most part between the ranges of 30 to 
60 percent weathering. These observations for the fresh coal location can be explained as the samples 
have undergone low amounts of weathering and it is unknown how sensitive the weathering index is. 
However the concept does show that the exposed location samples in Figure 24 have weathering index 
values of 70% which indicate significant levels of weathering. Figure 24 also illustrates that apparent 
depth of notable weathering is 70 cm which is the point where the major drop in weathering occurs 
and the curve reaches equilibrium. The outcome of 70 cm falls within the expected literature value 
0.5m for 6 months exposure and up to 1 meter for 5 years exposure (Cox and Nelson, 1984). 
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4.4 Summary 
Although these results can only be counted as preliminary due to not using the correct boundaries for 
the weathering index, causing the results to be likely skewed, the procedure used to create the 
weathering index has good potential.  The area under the peak at wavenumber 1670 cm-1 was shown 
to be a good indicator of weathering in brown coal. Once the boundary conditions are established 
using a procedure analysed in Chapter 7, a weathering index created using this procedure should allow 
the determination of how weathered a coal sample is which has the potential to be useful in slope 
stability scenarios where brown coal is the parent material. 
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5. Brown coal weathering effects on shear characteristics 
The stability of a slope is determined by the relative values of the shear stress that is induced and 
shear strength.  A slope will fail when the applied shear force induces a shear stress that is greater 
than the shear strength of the slope. However, the shear strength can be affected by factors such as 
climatic events which then make a slope unstable, leading to mass movements. Mass movements can 
be caused by increases in shear stress, such as loading, lateral pressure and transient forces. 
Alternatively, shear strength may be decreased by weathering, changes in pore pressure, and organic 
material. If the forces available to resist movement are greater than the forces driving movement, the 
slope is considered stable. A factor of safety is calculated by dividing the maximum forces resisting 
movement by the forces driving movement. This chapter will attempt to analyse the sensitivity of 
resistance forces on a coal slope, normal stresses, coal binding following failure, granular weathered 
coal at the coal clay interface and the difference in shear resistance between fresh and weathering 
coal. 
5.1 Shear Testing Plan 
A key risk for the stability of the upper rehabilitated surface is that the shear strengths of the materials 
in the zone of the interface between the coal and overlying clay cap can be sufficiently low to permit 
sliding of the clay capping material under the self weight of the capping material.   In order to establish 
the coal’s shear behaviour at low normal effective stresses at the interface of the coal with the 
overlying clay capping material, a sequence of shear tests using a direct shear apparatus was carried 
out. The sequence included shear tests for unweathered as well as weathered coal. The sequence is 
described below.  
Intact coal shear 
Intact coal direct shear tests were undertaken to investigate whether shear failure through the 
unweathered coal is not a feasible failure mechanism. 
Resistance to sliding on a coal surface 
Fresh coal samples was sheared against sandpaper surfaces for a systematically varied range of grit 
sizes. The varying sandpaper grits are used to examine the impact of different particle size fractions 
of the capping material on sliding at the interface and provide indication of whether the particle size 
of the capping material impacted on the resistance to sliding on a brown coal surface. 
Impact of normal stress on resistance to sliding on a coal surface 
Using one sandpaper grit size, shear response to the applied effective normal stress was determined.   
Effective normal stresses ranging from 10kPa to 160kPa were applied and the shear failure envelope 
over this normal stress range determined.    
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Impact of coal binding for discontinuous shear movement 
Intermittent shear was simulated through two shear tests on the same sample with the position of 
the coal and sandpaper surfaces reset after the first shear test and left for 24 hours under load.   The 
change in shear behaviour between the first and second shear test compared to shear tests without 
a delay provide evidence of the effect of coal rebinding at the interface. 
The effect of granular weathered coal at the coal/clay interface 
When the surface of a coal layer undergoes weathering it shrinks, fractures and breaks apart as a 
result of drying. Direct shear tests were run where a layer of broken coal fragments were placed 
between two fresh blocks of coal. The outcome of these tests indicated whether the weathered 
material will act to reduce the effective friction by acting as a roller. 
Difference in shear resistance between fresh and weathered coal 
Weathered coal samples cannot be cut and placed in the direct shear apparatus without 
disturbance.   This makes it difficult to perform comparison shear tests between fresh and 
weathered coal.  In order to be able to compare the shear resistance of the two materials, 
remoulded samples will be created from both fresh and weathered samples and tests performed 
with the remoulded samples.   The effect of remoulding on shear resistance will be assessed by 
comparing the fresh remoulded samples against the intact sample shear resistance. 
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5.2 Amendments to direct shear machine and Test Set up 
Test Setup 
Test setup 1 was used for the “in situ coal shear” tests and followed ASTM D 3080 – 03, Standard Test 
Method for Direct Shear Test of Soils Under Consolidated Drained Conditions (ASTM, 2003) (Figure 
25). 
 
 
 
 
 
 
 
 
 
 
Figure 25 Illustration of the sheared single coal block 
Test set up 2 was used for the “Resistance to sliding on a coal surface, Impact of normal stress on 
resistance to sliding on a coal surface, Impact of cohesion on a sheared coal surface and Difference in 
shear resistance between fresh and weathered coal” tests. The bottom half of the shear box contains 
a brown coal sample, whereas the top half of the shear box contains a stainless steel block with 
sandpaper glued to the face against the coal sample (Figure 26). Lateral spacers were inserted 
between the upper and lower shear boxes so that the sandpaper/coal interface does not contact the 
shear box during the shearing movement. 
 
 
 
 
 
  
Figure 26 Illustration of the stainless steel block with attached sandpaper and coal block post shear test 
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Test setup 3 was used in the “The effect of granular weathered coal at the coal/clay interface” tests. 
This setup was similar to test set up 2, it was an amended version of ASTM D 3080 – 03. As with test 
set up 2, the bottom half of the shear box contained a block of brown coal and the top half of the 
shear box contained a stainless steel block with sandpaper glued to the base surface facing the brown 
coal, the spacers used for test setup 2 were also positioned in between the shear boxes. The 
amendment in test setup 3 was a layer of weathered coal grains between 2.00 to 2.75mm in diameter 
at the interface between the brown coal and the sandpaper (Figure 27). 
 
 
 
 
Figure 27 Small fragments of weathered brown coal layered between the coal and the sandpaper at the 
interface 
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Amendments 
Spacers added to sample contact 
As noted in the test setups above, spacers were used to prevent the top and bottom halves of the 
shear box from contacting the sample and sandpaper surfaces and creating a false reading.  The 
spacers were added between the lateral sides of the shear box halves (Figure 28). The rails ensure that 
the shear results obtained from the test only record the shear resistance at the interface of the two 
materials. 
 
  
Figure 28 An illustration of the shear box used during testing with the two rails used to 
create a space between the two halves of the shear box 
Spacer 1 
 
Spacer 2 
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Material used inside top half of shear box  
The resistance to sliding test phase required sandpaper to be sheared against a coal surface, which 
meant that a design and construction process was required. It was determined that a stainless steel 
would be used with sandpaper glued to the base using araldite. When required the sand paper dimples 
were worn out the sandpaper was easily removed using acetone and a stainless steel cloth, and 
replaced with a new sandpaper piece.  
Three sandpaper grit sizes were used, 40 grit, 80 grit and 120 grit. The steel block with sandpaper 
setup is illustrated below in Figure 29. 
 
 
 
 
 
 
 
 
Increase the shear displacement rate of the direct shear tests 
An amendment was made part of the way through testing reported in this chapter to increase the 
shear displacement rate from 0.01 mm/min to 0.15 mm/min. This amendment was made to decrease 
the time taken to complete each shear test. Shear tests were undertaken at a variety of shear 
displacement rates including 0.005 mm/min, 0.01 mm/min, 0.05 mm/min and 0.1 mm/min to assess 
the impact of increasing the shear displacement rate. Figure 30 illustrates that although the different 
shear displacement rates produce slightly different peak shears, each of the shear displacement rates 
has a residual shear of approximately 18 kPa. This determination allows the shear displacement rate 
to be increased without severe impact to the results. 
Figure 29 Setup of a stainless steel block with a sandpaper glued to face used during testing 
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Figure 30 Brown coal and sandpaper direct shear tests carried out at a variety of shear displacement rates 
 
5.3 Intact coal shear 
Direct shear tests were performed on three intact samples of ‘fresh’ Loy Yang brown coal to determine 
the shear strength of the parent material of the slope under a low normal stress. Each direct shear 
test was conducted in accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test 
of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a normal stress of 25 kPa. The 
samples underwent 2 hours of consolidation time under the normal stress, followed by a 20mm 
horizontal shear at a shear displacement rate of 0.01 mm/min. As expected, transverse failure across 
the intended plane of shear arose due to the low confining loads (Figure 31). The results of the 
additional two direct shear tests are illustrated in Appendix B Figures 1 and 2. 
These results show that shear failure will not occur through the intact coal that is at a shallow depth.  
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Figure 31 Brown coal direct shear test 
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5.4 Resistance to sliding on a coal surface 
Shear tests were carried out using sandpaper to investigate sliding resistance on coal surfaces. The 
Loy Yang brown coal samples used in this test were cut to size from a large block of “fresh” coal. The 
sandpaper in the test was used to imitate materials that have different particle sizes and also to collect 
information on how particle size affects resistance to sliding. Three roughnesses of sandpaper were 
used for the tests: 40, 80, and 120 grit. 
The tests were run in accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test 
of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a shear displacement rate of 
0.01mm/min, and a normal stress of 100 kPa and a horizontal travel of approximately 15mm.  
 
Figure 32 An illustration of the resistance to sliding for materials of different grit sizes on in-situ brown coal 
The results in Figure 32 illustrate that the grit size had no overall impact on residual shear strength as 
each of the tests converged to a residual shear stress of approximately 80 kPa. The phenomena occurs 
due to coal filling the void spaces between the grits in the sandpaper creating a coal on coal sliding 
surface. In relation to the batter rehabilitation scenario, this finding indicates that the normal stress 
due to the weight of the cover material will cause the coal to fill the void spaces available in the clay 
capping material, creating a coal on coal sliding interface. The initial 1.5mm of the 80 grit test reads 
zero as the shear box was loose, this meant that the actual shearing did not start when the 
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displacement was equal to zero. This also indicates that the clay resistance to sliding needs to be 
compared to see if the sliding surface should actually be clay on clay and not coal on coal. Although 
this work has not been completed in this report, it should be carried out in future research. 
Further experiments were undertaken to analyse whether starting the test with a clean or filled 
sandpaper grit had an effect on the results. The tests were run in accordance with ASTM D 3080 – 03, 
Standard Test Method for Direct Shear Test of Soils Under Consolidated Drained Conditions (ASTM, 
2003), at a shear displacement rate of 0.01mm/min, and a normal stress of 100 kPa for a horizontal 
travel of approximately 15mm. The graphs below display the results obtained from this strain of 
testing using 120 grit sandpaper. Additional tests completed using the same method with different 
grit sandpaper for justification of results are illustrated in Appendix B Figures 3-6. 
Full Grit 
 
Figure 33 Direct shear test of a brown coal sample against a 120 grit sandpaper with void space filled with brown coal 
Clean Grit 
 
Figure 34 Direct shear test of a brown coal sample against a 120 grit sandpaper with clean “empty” void space 
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Table 6 Differences in shear stress between full grit and clean grit tests for Loy Yang Brown Coal 
 
Figures 33, 34, and Table 6 illustrate that little to no difference is obvious when comparing the tests 
using a grit that is filled with brown coal and a grit that is fresh. The clean grit fills and follows the same 
path as the grit that is filled with brown coal and reaches equilibrium at approximately 80 kPa. To 
prove the assumption that it is brown coal on brown coal sliding that is taking place, direct and residual 
shear test were run with a smooth brown coal block replacing the grit block to simulate the scenario. 
The tests were run in accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test 
of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a shear displacement rate of 
0.01mm/min, and a normal stress of 120 kPa (While the grains crush at 100+ kPa it is possible that the 
grains would remain intact at lower normal stresses and sliding might be an issue for lower stresses) 
for a horizontal travel of approximately 7.5mm.  
 
 
 
  
Test Type Residual Shear Stress (kPa) Difference in Residual Shear Stress (kPa) 
Full Grit 1 83 
3 
Clean Grit 1 80 
Full Grit 2 81 
0 
Clean Grit 2 81 
Full Grit 3 82 
1 
Clean Grit 3 81 
0
20
40
60
80
100
120
0 1 2 3 4 5 6 7 8
Sh
ea
r 
St
re
ss
 (
kP
a)
Horizontal Deformation (mm)
Figure 35 Brown coal on brown coal direct shear test result 
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Although the brown coal on brown coal shear test was run at a slightly higher normal stress of 120kPa, 
it follows the trend exhibited in the sandpaper trials (see Figure 35). As a result this test illustrates that 
once the coal fills the grit in the sandpaper the interface becomes a coal on coal sliding surface 
(Additional tests completed using the same method for justification of results are illustrated in 
Appendix B Figures 7-9). The equivalence can be confirmed through the comparison of friction angle 
and cohesion values. In the next section friction angle and cohesion values are determined for coal on 
sandpaper using a variety of normal stresses. The values were 39.1° unsaturated and 37.0° saturated 
for friction angle and 2.18 kPa for cohesion. 
For the brown coal on brown tests, if you assume a cohesion of zero the friction angle can be 
calculated using the inverse tangent of shear stress divided by normal stress. Using this method a 
friction angle of 38.1° is determined. This value falls between the unsaturated and saturated friction 
angles determined for the same material in the sandpaper tests suggesting that a full grit sandpaper 
is equivalent to a coal on coal sliding mechanism. 
Overall this testing phase demonstrated that the particle size of the material pressing against the coal 
at the interface had no impact on the resistance to sliding. Due to the grit size of the sandpaper (which 
is a substitute for the particle size of the capping material), having no impact on the shear 
characteristics, it is possible that the weight and thickness of the capping material could have an 
influence on the sliding characteristics on the batter slope. 
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5.5 Impact of normal stress on resistance to sliding on a coal 
surface 
The results of the previous section provided evidence that the particle size of the sandpaper has no 
bearing on the resistance to sliding at the coal/clay interface.  In order to assess the impact of normal 
stress on the resistance to sliding at the interface direct and residual shear tests were run in 
accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test of Soils Under 
Consolidated Drained Conditions (ASTM, 2003), at a shear displacement rate of 0.01mm/min, and a 
variety of normal stresses for a horizontal travel of approximately 20mm. The Loy Yang brown coal 
samples used in this test were cut to size from a large block of “fresh” coal. The samples were cut in 
accordance to horizontal orientation. The stress levels used during the test included 10, 20, 40, 60, 80, 
100, 120, 140, 160 kPa and were run in unsaturated and saturated conditions. 
The results for the direct shear tests using a variety of normal stresses are included below in Figures 
36 and 37. Figure 36 also shows the impact of the slack in the movement of the shear box, see the 
80kPa test, this occurs when the components of the shear box are not completely tight and explains 
why the shear stress is still approximately zero at the 2mm mark. 
Unsaturated 
 
Figure 36 In-situ brown coal sheared at different normal stresses in unsaturated conditions 
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Saturated 
 
Figure 37 In-situ brown coal sheared at different normal stresses in saturated conditions 
 
Figure 38 A representation of residual shear stress vs normal stress for saturated and unsaturated conditions 
Figures 38 illustrates the corresponding residual stress value for each of the normal stress tests. The 
trends are linear and give a 99.8% and 99.9% fit respectively. The original trend line for the 
unsaturated sample gave an impossible reading of -0.325 for the y intercept and was reset to have the 
y intercept at the origin due to cohesion unable to be a negative value. The saturated sample 
intercepted the y axis at 2.18 kPa, indicating a small amount of cohesion under zero normal stress. 
However due to the potential errors involved with this methodology the y intercept was also was also 
reset to the origin as the value is not proved to be completely accurate and could possibly be a result 
of curve-fitting. 
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The friction angles for the wetness conditions are presented in Table 9. 
Table 7 Friction angles determined through stress tests 
Test Conditions Friction Angle Ɵ (°) 
Unsaturated 39.1 
Saturated 37.0 
 
The results obtained in this section are interesting to note in addition to tests carried out by Pedler 
and Raisbeck (Pedler and Raisbeck, 1985). Pedler and Raisbeck carried out unconfined, triaxial and 
direct tests on the Traralgon Seam Coal at Loy Yang A Power Station and obtained the following set of 
results (Table 10):   
Table 8 Effective strength parameters for Traralgon Seam Coal (Pedler and Raisbeck, 1985) 
Traralgon Seam Coal Effective cohesion c’ 60 kPa 
Effective angle of friction ϕ’ 42⁰ 
Inferior Traralgon Seam Coal Effective cohesion c’ 0 kPa 
Effective angle of friction ϕ’ 38⁰ 
 
The extremely low effective cohesion is thought to be related to significant micro fracturing in the 
Traralgon Seam Coal lying across the Loy Yang anticlinal dome structure (Durie, 1991). 
It is also relevant to note that the assessment of the slightly lower friction angle for low normal 
stress. In order to determine the reason for this occurrence further research would need to be 
undertaken. 
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5.6 Impact of cohesion when a coal surface is sheared 
Stepped shear tests were carried out using sandpaper against a coal surface at a low normal stress (50 
kPa). At the completion of the first 7.5mm shear, the test was paused for approximately 24 hours to 
allow rebinding and cohesion to occur, before the second 7.5mm shear was triggered. The Loy Yang 
brown coal samples used in this test were cut to size from a large block of “fresh” coal. The samples 
were cut in accordance to horizontal orientation.  
The tests were run in accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test 
of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a shear displacement rate of 
0.05mm/min (shear displacement rate was increased as it was determined that it did not affect the 
results, see Amendments), and a normal stress of 50 kPa for a horizontal travel of approximately 
15mm in total.  
The results for the direct shear tests at low normal stress with a 24 hour pause at the midpoint are 
illustrated in Figures 39, 40 and 41. 
Test 1 
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Figure 39 Cohesion/ Rebinding of Loy Yang brown coal test 1 
73 | P a g e  
 
Test 2 
 
 
 
 
 
 
 
 
 
Test 3 
 
 
 
 
 
 
 
 
 
Figures 39, 40 and 41 illustrate the two stages of the test, with the second part of the test starting at 
the 7.5mm displacement point of the graph. The second shear peak displays evidence of cohesion and 
rebinding of the coal following the 24 hour pause period. In a rehabilitation scenario the evident trend 
demonstrates that post shear failure, the brown coal will rebind over a short period of time to recreate 
strength in the slope. 
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Figure 40 Cohesion/ Rebinding of Loy Yang brown coal test 2 
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Figure 41 Cohesion/ Rebinding of Loy Yang brown coal test 3 
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The differences in shear stress after rebinding obtained for Loy Yang Brown Coal are shown in Table 
11.   
Table 9 Differences in shear stress after rebinding for Loy Yang Brown Coal 
Test Number Difference in shear stress after rebinding (kPa) 
1 25.2 
2 25 
3 22.5 
 
The results from the three tests are consistent and clearly show evidence of rebinding after allowing 
24 hours for this effect to take place after the initial shear failure. The second shear failure occurs at 
a similar peak shear stress to the initial shear failure indicating that the material underwent rebinding 
to approximately full strength.  
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5.7 The effect of granular weathered coal at the coal/clay 
interface 
The understanding of the effect of weathering on slope stability is still relatively low. In general 
circumstances when rock weathers and is exposed to erosion it creates small diameter granular pieces 
of rock that sit on the surface. It is important to test the effect of weathered granular material present 
at the interface between coal and coal, and coal and sandpaper, in order to analyse the overall effect 
of this scenario on slope stability. The sample blocks of Loy Yang brown coal used in the shear box for 
this test were cut to size from a large block of “fresh” coal. The samples were cut in accordance to the 
horizontal orientation. The granular brown coal at the interface was samples from an exposed batter 
at Loy Yang Open Cut Mine, the samples were taken from the top 5mm of the surface to ensure as 
much weathering as possible. In order to make the weathered samples for consistent in size and small 
enough for use in the shear box set up the sample was ground up using a mortar and pestle, then 
passed through sieves to obtain a particle size diameter between 2.00 - 2.75mm.  
The tests were run in accordance with ASTM D 3080 – 03, Standard Test Method for Direct Shear Test 
of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a shear displacement rate of 
0.15mm/min (shear displacement rate was increased as it was determined that it did not affect the 
results, see Amendments), and a normal stress of 100 kPa (While the grains crush at 100+ kPa it is 
possible that the grains would remain intact at lower normal stresses and sliding might be an issue for 
lower stresses) for a horizontal travel of approximately 15mm in total.  
The results for the direct shear tests where a small granular weathered layer of Loy Yang brown coal 
is added at the interface between coal and coal, and coal and sandpaper are illustrated below in 
Figures 42-45. 
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Granular weathered brown coal at a brown coal and sandpaper interface 
Horizontal Deformation 
 
 
Figure 42 Shear Stress changes over horizontal deformation with granular weathered brown coal at the coal/sandpaper 
interface 
Vertical Deformation 
 
 
Figure 43 Vertical Deformation changes over horizontal deformation with granular weathered brown coal at the 
coal/sandpaper interface 
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Granular weathered brown coal at a brown coal and brown coal interface 
Horizontal Deformation 
 
Figure 44 Shear Stress changes over horizontal deformation with granular weathered brown coal at the coal/sandpaper 
interface 
Vertical Deformation 
 
Figure 45 Vertical Deformation changes over horizontal deformation with granular weathered brown coal at the 
coal/sandpaper interface 
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Figures 42-45 illustrate the vertical and shear stress measurements recorded during the direct shear 
test of the scenario where a small granular weathered layer of Loy Yang brown coal is added is added 
at the interface between two blocks of fresh brown coal, and fresh brown coal and sandpaper. The 
evident trend demonstrates that the shear stress is rising and will likely reach a residual shear stress 
value of 80 kPa, which is the expected residual shear value for a coal on coal shear under a 100 kPa 
normal stress as determined in previous sections. This phenomena occurs due to the loose weathered 
material undergoing compaction during the 2 hour compaction stage of the experiment. This 
conclusion is supported by Figures 43 and 45 which illustrates that the samples undergoes a vertical 
compaction of 0.7mm and 1.1mm over the 15mm horizontal travel. 
The observed results demonstrate that a loose weathered material on the coal surface is eventually 
crushed under the normal stress and creates a coal on coal shear. However, given one meter of clay 
only applies 20 kPa of normal stress meaning these results can only demonstrate that the particles are 
unable to withstand the applied load.  
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5.8 Difference in shear resistance between fresh and weathered 
coal 
Brown coal weathering could have the potential to have an impact on the shear resistance at the coal 
clay interface of a rehabilitated coal batter. In order to assess the possible difference in shear strength, 
both fresh and weathered coal samples would need to be shear tested which isn’t simple as weathered 
coal is brittle and contains a large amount of vertical cracks making it difficult to remove samples from 
the field that can be placed into the shear box. Due to this a remoulding process has been carried out 
to create weathered Loy Yang brown coal samples that could be used as a comparison to fresh Loy 
Yang coal. The remoulding process for fresh coal requires an oedometer test to determine the normal 
stress required to compress the remoulded sample to the sample bulk density as an in situ sample. 
Fresh and weathered samples were remoulded, with the fresh remoulded sample shear results 
compared to fresh in situ samples to test the validity of the remoulding method. The in situ stress for 
weathered material, where weathering is in situ is much lower. Assuming the comparison of the in 
situ and remoulded samples was consistent, the shear results of the fresh remoulded samples were 
directly compared to the shear results of a remoulded weathered sample and a sample that is a 50:50 
ratio of fresh and weathered material to analyse potential differences in shear strength. 
Testing 
Odometer Experiment 
Oedometer testing is a crucial step in creating an accurate remoulded sample. The objective is to 
determine the amount of normal stress that needs to be applied to compress the remoulded sample 
to the sample bulk density as an intact sample. In order to determine the bulk density of an intact 
sample a brown coal sample of known volume was saturated with water and weighed. Weight when 
divided by the volume gives the bulk density value for the sample. Following this initial calculation 
three variations of slurries were created using fresh, weathered and a 50:50 ratio of fresh and 
weathered coal combined with 300 percent moisture content and left to rest for 24 hours (see full 
methodology below). The fresh Loy Yang brown coal were taken from a large block of “fresh” coal 
sampled directly from Loy Yang Open Cut mine. The weathered Loy Yang brown coal samples were 
from an exposed batter at Loy Yang Open Cut Mine, the samples were taken from the top 5mm of the 
surface to ensure as much weathering as possible.  
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Remoulding Process 
The methodology used for creating the three slurry mixtures for both the oedometer test and the 
shear test followed the steps outlined below. 
1. Obtain moisture content values for fresh coal samples 
2. Grind fresh brown coal sample using mechanical grinder, or by hand and pass through a 850 
micron sieve to obtain a uniform particle size  
3. Create slurry by adding 300% moisture content to reach over liquid limit (~230%) (mix for 5 
minutes then leave to sit for 24 hours) 
4. Decanter the water to access the coal sediment at the bottom of the container (keep the 
decantered water to use to keep sample moist throughout oedometer test) 
5. Run moisture content test 
6. Pour 20mm thickness of paste into oedometer apparatus 
7. Setup oedometer, switch on camera to record gauge readings for vertical deformation 
8. Run odometer test according to ASTM D2435 / D2435M-11 “Standard Test Methods for One-
Dimensional Consolidation Properties of Soils Using Incremental Loading” (International, 
2011) for an applied 50 kPa normal stress. 
9. Take readings each second for the first 2 hours and a further reading at 24 hours, due to most 
consolidation occurring in the first 1-2 hours 
10. Repeat using the following stress values 100 kPa, 200 kPa, 400 kPa, 800 kPa, 1600 kPa, with 
each test running for 24 hours 
11. Determine density (use thickness change to determine density) vs load graph 
12. Use graph to determine initial paste height required for consolidation as well as load to apply 
to achieve correct density 
The oedometer tests were run in accordance with ASTM D2435 / D2435M-11 “Standard Test Methods 
for One-Dimensional Consolidation Properties of Soils Using Incremental Loading” (International, 
2011). The initial load applied was 50 kPa and was doubled every 24 hours until a final load of 1600 kPa 
was applied. The horizontal deformation of the sample was measured throughout the test to calculate 
bulk density changes, with change in volume assumed to total the loss in water due to compression. 
The consolidation graphs obtained from the oedometer tests are illustrated in Appendix B Figures 10 
and 11. Finally, the bulk density was plotted against normal stress (Figure 43), so the amount of normal 
stress required to reach the same bulk density as the intact sample could be calculated. 
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Figure 46 Equivalent bulk density for a compression under a defined normal stress 
Figure 46 illustrates the results determined by running the oedometer test. The graphs in Figure 46 
have also been fitted with a second order polynomial trendline. The bulk density calculated for the 
intact samples of brown coal sampled from the AGL Loy Yang Open Cut Mine Site were 1.16 g/cm3 and 
1.14 g/cm3 (Table 12), which are closely comparable to the researched value of 1.13 g/cm3 obtained 
by Gloe, James and McKenzie in 1973 (Gloe et al., 1973). 
Table 10 Results for the intact bulk density of Loy Yang brown coal 
  Sample 1 Sample 2 
Diameter (cm) 8.1 8.1 
Height (cm) 2.05 3.05 
initial volume (cm3) 105.64 157.17 
initial weight (g) 122.62 179.63 
bulk density (g/cm3) 1.16 1.14 
 
The results from the oedometer test created some issues as there were enough errors and a lot of 
variability in them to make it hard to be precise. Estimated weight values were used to get a more 
consistent set of numbers and a mean has been calculated for these. This gives a normal stress value 
that seems plausible at around 1600 kPa to reach the desired bulk density value of 1.15 kg.m3.  
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A Loss on Ignition (LOI) test was also completed on the fresh brown coal used to make up the slurries 
to check whether the error was due to an inconsistency in the properties of the brown coal. Two 
brown coal samples were ground and placed in a furnace for 48 hours at 400°C. The loss on ignition 
tests were run in accordance with ASTM D 1974-87 “Standard test methods for moisture, ash, and 
organic matter of peat and other organic soils” (International, 1993). The results of the tests are shown 
below in Table 13. 
Overall the results from the Loss on Ignition test illustrated the coal to be in the expected range, 
although on the lower end of the range being 0.3% and the range being 0.3 to 12.8% (Perry et al., 
1984), concluding that the constituents in the sampled brown coal were not causing the error. 
Table 11 Results of a loss on ignition experiment on the Loy Yang brown coal used in oedometer experiment 
Item  Sample 1 Sample 2 
crucible g 19.47 58.33 
crucible + sample g 29.8 87.69 
sample g 10.33 29.36 
dry sample + crucible g 24.4 72.15 
dry sample g 4.93 13.82 
water content g 5.4 15.54 
moisture content % 52.27 52.93 
dry sample + crucible g 19.5 58.44 
dry sample g 0.03 0.11 
inorganic content % 0.29 0.37 
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Direct Shear Test Experiment 
Direct shear tests were carried out on the samples moulded using the determined horizontal 
deformation values and normal stress value for the previous oedometer section. The remoulded 
samples used in this section were compressed using a hydraulic press before being placed in the shear 
box. The fresh Loy Yang brown coal samples used for this test were ground up and sieved to size from 
a large block of “fresh” coal. The weathered Loy Yang brown coal samples were from an exposed 
batter at Loy Yang Open Cut Mine, the samples were taken from the top 5mm of the surface to ensure 
as much weathering as possible. The tests were run in accordance with ASTM D 3080 – 03, Standard 
Test Method for Direct Shear Test of Soils Under Consolidated Drained Conditions (ASTM, 2003), at a 
shear displacement rate of 0.15mm/min (shear displacement rate was increased as it was determined 
that it did not affect the results, see Ammendments), and a normal stress of both 20 kPa (imitating 
field conditions) and 100 kPa (While the grains crush at 100+ kPa it is possible that the grains would 
remain intact at lower normal stresses and sliding might be an issue for lower stresses) as a 
comparison for a horizontal travel of approximately 15mm in total. The fresh remoulded sample shear 
results were compared to fresh in situ samples to test the validity of the remoulding method. 
Assuming the comparison of the in situ and remoulded samples is consistent, the shear results of the 
fresh remoulded samples will be directly compared to the shear results of a remoulded weathered 
sample and a sample that is a 50:50 ratio of fresh and weathered material to analyse potential 
differences in shear strength. 
Figures 47 and 48 illustrate the shear tests carried out on the four samples including new and old fresh 
intact in situ brown coal, fresh remoulded brown coal and weathered remoulded brown coal. The 
weathered samples were compacted using the same load as fresh coal, however, in situ weathering 
could lead to a significant change in density given the low effective stresses and this would need to be 
assessed through future studies. The important phenomena to note is that the fresh remoulded 
samples do not have the same peak or residual shear stress as the intact in situ brown coal samples. 
One of the potential explanations for this occurring is that the remoulded samples don’t experience 
the same mechanical behaviours as in situ samples. It has not been possible to perform a sufficient 
number of tests to demonstrate unequivocally that the remoulded fresh sample behaves like an intact 
sample.  However, the current testing does indicate that the differences are not large and this is 
consistent with the sandblock versus coal block results. 
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20 kPa Normal Stress 
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Figure 47 Shear test results for new and old in situ brown coal samples, fresh and weathered remoulded brown coal samples and a 50-50 ratio of fresh and weathered remoulded brown coal 
sample under a 20 kPa normal stress 
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100 kPa Normal Stress 
 
Figure 48 Shear test results for new and old in situ brown coal samples, fresh and weathered remoulded brown coal samples and a 50-50 ratio of fresh and weathered remoulded brown coal 
sample under a 100 kPa normal stress 
 
 
 
 
 
0
20
40
60
80
100
120
0 2 4 6 8 10 12 14 16
Sh
ea
r 
St
re
ss
 (
kP
a)
Horizontal Deformation (mm)
Fresh Remoulded (100kPa) Old In situ (100kPa) New In situ (100kPa) Weathered Remoulded (100kPa) 50-50 F-W Remoulded (100kPa)
86 | P a g e  
 
 
5.9 Summary 
Direct shear tests carried out on Loy Yang brown coal allowed the determination of many key 
outcomes. Fresh brown coal was determined to not be the failure material and that the failure will 
likely occur at the coal-clay interface. Direct shear tests of brown coal against sand paper surfaces of 
different grit sizes illustrated that the particle size of the material against the coal at the interface had 
no impact on the shear characteristics. In relation to coal mine rehabilitation this finding indicates that 
any variability in the particle size of the cover material does not have an impact on shear failure at the 
interface. The cohesion value for brown coal was determined to be 2.18 kPa, indicating a small amount 
of cohesion under no normal stress. Through comparing the cohesion and friction angle date for the 
variable normal stress tests and a coal on coal shear test, it was determined that a shear failure at the 
coal clay interface would act as a coal on coal sliding mechanism with coal filling the void space in the 
clay. It was determined that over a short period of time, with a low cohesion value, the coal surfaces 
were able to rebind to a shear strength close to that of a fresh coal surface. This finding is important 
to slope stability because it shows that a complete sliding failure is unlikely to occur and would instead 
be more likely to cause a slip which can be more easily repaired. Potential loose weathered material 
on the coal surface was eventually crushed under the normal stress and created a coal on coal shear. 
These findings demonstrate that if the coal weathers under the cover material to form granular pieces 
of coal, the granular pieces will not act as a roller surface, instead the pieces would compress to create 
a coal on coal sliding surface. Remoulded samples don’t experience the same mechanical behaviour 
as in situ samples. This mechanical behaviour can include water moving through the samples, changes 
in soil stresses and long term compression, each of which has an impact on the strength and internal 
makeup of the micro cracks in the brown coal. These findings indicate that it is difficult to undertake 
strength comparison tests between weathered and unweathered coal, and that future research could 
look at a technique that allows shear strength tests to be completed in the field with intact samples 
to attempt to eliminate the remoulding process. 
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6. Weathering effects on brown coal permeability 
In 1991, Durie, determined that Latrobe Valley brown coal, when unweathered, has a relatively low 
hydraulic conductivity value of 10-7 to 10-8 cm/s. However, it is unknown how the process of 
weathering through oxidation impacts on the hydraulic properties of Loy Yang brown coal. In a batter 
rehabilitation scenario there is potential for weathered coal to lead to an increase in pore water 
pressure at the coal/clay capping interface if weathering through oxidation causes the permeability of 
the coal layer to decrease. Measuring the evolution of hydraulic conductivity as brown coal weathers 
in a permeameter will assist in determining the need for a drainage layer between the clay cap and 
coal surface as well as providing critical information relating to the potential uplift and sliding of the 
clay cap. In addition, the change in dissolved oxygen concentration will potentially allow the amount 
of oxygen taken up during the experiment to be calculated. 
Once of the main concerns is the potential for excess water pressure at the base of the clay. In a 
rehabilitated coal batter scenario a reduction in the hydraulic conductivity in the surface of the 
weathered coal layer could potentially cause slope instability or failure. There is potential that if cracks 
open up in the capping material allowing water to flow to the coal/clay interface at a faster rate than 
the water can permeate into the coal, pore water pressure could build up. If the pore water pressure 
were to build up it could cause a lifting of the capping material leading to slope failure and sliding. 
Stresses are engaged within brown coal when loads are applied to the surface of the material, for a 
rehabilitation scenario the load comes from the clay capping material and the top soil layer. Due to 
pore fluid having a low compressibility, it does not change volume with ease. In soils of low 
permeability, these excess pore-fluid pressures cannot escape except after a long period of time. As a 
result of this, pore fluid pressures have the potential to have a critical influence on the behaviour of 
the brown coal (Technology, 2017).  
The hydraulic conductivity of a material is defined as a measure of its ability to transmit water when 
submitted to a hydraulic gradient (Technology, 2017). The coefficient of permeability (k) differs from 
permeability in that it represents a measure of how easily water moves through the porous media. It 
depends on the permeability of the material, the degree of saturation and the density and viscousity 
of the fluid. While the permeability measure how well a porous media can transmit a fluid. It has 
nothing to do with the fluid itself. It measure the ability of a porous to allow fluids to pass through it. 
The coefficient of permeability therefore provides an indication of a materials ability to change matric 
suction brought about as a result of changes in the environment (Fredlund and Raharajo, 1993). 
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6.1 Test Setup and Amendments 
The Test setup used for the hydraulic conductivity tests followed ASTM D2434 – 68, Standard Test 
Method for Permeability of Granular Soils (Constant Head), including additional amendments. (ASTM, 
2006). Figure 49 illustrates the amendments outlined in the next section, it shows the oxygen tank on 
the right connected to the water reservoir located on the bottom level of the bench. The other 
amendment is that the dissolved oxygen content of the water is measured before entering the 
permeability cell and after flowing through the cell. Using the amount of effluent collected, recorded 
times and difference in dissolved oxygen measurements, it is potentially possible to calculate the 
amount of oxygen taken to weather a specific amount of brown coal, as well as the change in volume 
due to weathering, although this could take a decade or longer to achieve therefore this test will assess 
the validity of the method. 
Due to the possibility of bacteria growth on the surface of the coal when exposed to water for long 
durations. The bacteria is formed by the microbial degradation of coal (Hofrichter and Fakoussa, 
2004). The formation of the bacteria on the coal surface could prevent the oxygenated water from 
penetrating the sample and thus giving a lower reading representing the permeability of the bacterial 
layer. In order to determine whether the change in permeability was due to the occurrence of a 
bacterial layer, the sample was removed from the cell and the surface was lightly scraped to remove 
Figure 49 Hydraulic conductivity test setup 
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any potential bacterial formations before placing the sample back in the permeability cell and 
continuing the test. Schematic diagrams of the permeability cell setup and water reservoir are shown 
below. The driving pressure and confining pressures for the tests were 35 and 40 kPa respectively. 
 
Figure 50 Schematic diagram of permeability cell used for 
hydraulic conductivity testing 
 
Figure 51 Permeability cell used for hydraulic 
conductivity testing 
 
Figure 52 Schematic diagram of reservoir used for hydraulic 
conductivity testing 
 
Figure 53 Reservoir used for hydraulic conductivity 
testing 
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Amendments 
Oxygenated water 
In order to oxidise the coal sample during the test, oxygenated water was used as the liquid that was 
run through the sample. The oxygenated water was made by collecting distilled water in a container, 
pouring the water into a reservoir connected to a vacuum pump to de-air the water and turning on 
the pump until no more air bubbles rose to the surface (indicating little to no air remained in the 
water). The de-aired water was then transferred into a reservoir connected to permeability cell. The 
purpose of removing the air was to create space for the oxygen, as air is largely nitrogen, removing 
the air means that additional oxygen can be added to the water. An oxygen tank is connected to a 
valve on top of the reservoir and oxygen was bubbled through the water to oxygenate the water for 
approximately fifteen minutes. Following oxygenation of the water the oxygen tank was disconnected 
and the reservoir was connected to the permeability cells. This process was repeated each time the 
reservoir was refilled and each time a sample of effluent was taken additional oxygen was added to 
the reservoir. 
Latex wall around brown coal sample 
One of the major issues with running permeability tests on brown coal is bypass flow, the issue is 
enhanced when hydraulic conductivity trends and values are being used to back calculate oxygen 
uptake which requires precision. To address the issue of bypass flow after the coal samples were cut 
and prepared to the required dimensions, the samples were painted around the side using liquid latex 
which dries to become an air-tight skin against the face of the coal. To increase the certainty of water 
being forced through the sample as opposed to around the sample an additional latex membrane was 
placed around the sample, also covering the top and bottom porous stones.  
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6.2 Hydraulic changes in Loy Yang brown coal as a result of 
weathering through oxidation 
A series of permeability tests were run to assess changes to hydraulic characteristics as a result of Loy 
Yang brown coal weathering through oxidation. The samples to be used in this test were cut from a 
large block of fresh Loy Yang coal. The samples were from segments of the coal block, cut according 
to horizontal orientation and be cut into 100mm diameter discs that have a height of 30mm. 
The results for the Loy Yang brown coal samples are displayed below in Figures 54 to 68. 
Preliminary test 1 
Figure 54 Hydraulic conductivity results for preliminary test 1 
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Figure 55 Final dissolved oxygen, temperature and pH results for preliminary test 1 
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Preliminary test 2 
 
Figure 56 Hydraulic conductivity results for preliminary test 2 
 
 
Figure 57 Final dissolved oxygen, temperature and pH results for preliminary test 2 
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Preliminary test 3 
 
Figure 58 Hydraulic conductivity results for preliminary test 3 
 
 
Figure 59 Final dissolved oxygen, temperature and pH results for preliminary test 3 
 
  
0.00E+00
5.00E-10
1.00E-09
1.50E-09
2.00E-09
2.50E-09
3.00E-09
19/06 24/06 29/06 4/07 9/07 14/07 19/07 24/07
K
 (
m
/s
)
Date of Reading (d/m)
Hydraulic Conductivity
0
5
10
15
20
25
19/06 24/06 29/06 4/07 9/07 14/07 19/07 24/07
(p
p
m
, d
eg
re
es
 c
el
ci
u
s)
Date of Reading (d/m)
Final DO (ppm)
pH
Temp (°C)
94 | P a g e  
 
Test 1 
 
Figure 60 Hydraulic conductivity results for test 1 
 
Figure 61 Final dissolved oxygen and pH results for test 1 
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Test 2 
 
Figure 62 Hydraulic conductivity results for test 2 
 
Figure 63 Final dissolved oxygen and pH results for test 2 
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Test 3 
 
Figure 64 Hydraulic conductivity results for test 3 
 
 
Figure 65 Final dissolved oxygen and pH results for test 3 
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Test 4 
 
Figure 66 Hydraulic conductivity results for test 4 
 
 
Figure 67 Final dissolved oxygen and pH results for test 4 
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Effect of initial dissolved oxygen level on oxygen uptake 
 
Figure 68 Comparison of initial and final dissolved oxygen values for test 4 
Figures 60, 62, 64 and 66 illustrate the changes in the hydraulic conductivity of a Loy Yang brown coal 
sample as a result of oxidative weathering over time. The demonstrated trend is that after a period of 
time where the oxygenated water runs through the sample, the hydraulic conductivity drops. The 
change in hydraulic conductivity is likely to either be due to weathering in the coal samples or bacteria 
growing in the micro cracks in the coal which transport water through the samples. When a coal is 
brought into contact with oxygen, the first sign indicating the occurrence of coal oxidation is the 
adsorption of oxygen (Wang et al., 2003). Figures 61, 63, 65 and 67 display the changes in dissolved 
oxygen as a result of oxidative weathering shows a rise at the corresponding place where the hydraulic 
conductivity drops, this indicates an increase in the dissolved oxygen that is passing through the 
sample meaning less oxygen is being taken up by the coal. This correlation could mean that the oxygen 
is moving closer to a fully weathered state and that the addition of the oxygen has resulted in a net 
increase in spectroscopically observable carbonyl-containing species. These carbonyl-containing 
species can cause blockages in the micro cracks in the brown coal causing a reduction in hydraulic 
conductivity (Gethner, 1987). It was determined that both the pH and electrical conductivity of the 
effluent water showed little change during the test indicating that they have no direct impact oxygen 
uptake of the coal sample.  
Figure 68 illustrates that the initial concentration of oxygen in the water within the reservoir had an 
almost exact influence on the dissolved oxygen of the effluent water. Due to this relationship the initial 
dissolved oxygen concentration was attempted to remain at 30ppm with a 5ppm margin. 
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Another possible cause of hydraulic conductivity reduction in the coal samples is bacteria growth due 
to the degradation of the coal. Past researchers have determined that the degradation processes are 
carried out by oxygen from the atmosphere and various microorganisms, such as bacteria and fungi. 
The processes are moderated by the acidity or alkalinity of the available water. When the oxygen of 
the peat present within the coal has been depleted, anaerobic bacteria continue the process of 
degradation (Schweinfurth, 2003).  
In order to determine whether the weathering results were determined by blocks at the surface of 
the coal of blockages within the micro cracks within the coal, the test was halted on the 18th August 
and the top 2mm of the surface was scraped off to remove any bacteria and the test was restarted. 
Immediately following the removal of the surface there was a drop in the dissolved oxygen level of 
the effluent and a rise in the hydraulic conductivity, especially in figure 66. These notable changes can 
be expected as the removal of the top layer of the surface can exposed micro cracks initially allowing 
an increased amount of water to flow through the sample, as well as more exposed area for oxidation 
to occur thus lowering the dissolved oxygen level of the effluent. The initial changes caused by 
scraping the surface were only present for a few days, after this point the noted trends of a reduction 
in hydraulic conductivity and increase in dissolved oxygen in the effluent were continued. As a result 
of the scraping of the surface having no great lasting impact, it can be determined that the weathering 
occurs within the sample rather than at the surface. This also allows the conclusion to be drawn that 
bacteria at the surface is not effecting the outcome of the test, and that instead the test is mainly 
influenced by the oxidation reaction occurring within the micro cracks resulting in clogging. This 
conclusion is supported by the potential bacteria more than likely being aerobic, indicating that they 
absorb oxygen. Aerobic bacteria would cause the dissolved oxygen in the effluent water to drop to 
zero, which as demonstrated in Figures 61, 63, 65 and 67 is not the case. 
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6.3 Amount of oxygen taken up by Loy Yang brown coal during 
testing 
 
The permeability test can also be used to calculate the amount of oxygen taken up during the 
experiment. The amount of oxygen taken can be back calculated by calculating the total amount of 
water run though the sample and the total dissolved oxygen consumed from the water run through 
the sample. The two values multiplied together give the total oxygen consumed during the test by the 
brown coal sample. In order to calculate the amount of oxygen taken to weather 1 gram of coal the 
total oxygen uptake is simply divided by the total weight of the coal sample. Table 14 below presents 
the calculated results for the permeability tests run for this phase of testing. 
Table 12 Results for the amount of oxygen taken up during each experiment 
 
Length of 
Test (days) 
Oxygen 
Uptake (mg) 
Sample 
Weight (g) 
Amount of Oxygen Taken 
Up per 1g of Coal (mg) 
Preliminary 
Test 1 
38 57.13 251.36 0.23 
Preliminary 
Test 2 
59 103.17 251.78 0.41 
Preliminary 
Test 3 
31 38.28 251.61 0.15 
Test 1 131 18.52 251.01 0.074 
Test 2 113 228.85 252.42 0.91 
Test 3 131 26.48 251.34 0.11 
Test 4 173 446.24 252.57 1.77 
 
The results in Table 14 demonstrates some interesting outcomes. Firstly, the amount of oxygen that 
is taken up during the experiments is very small. Secondly, that the oxygen uptake required to weather 
a coal sample to the point of greatly slowing down the permeability rate is highly variable. The second 
point is easily explainable as brown coal permeability rates are governed by internal preferential flow 
paths including joints and fractures associated with its geological structure (Durie, 1991). Considering 
the oxygen is carried into the internal flow paths through water, the size of the internal flow paths, 
which can be assumed to vary greatly between coal samples, will dictate the amount of oxygen taken 
up by the brown coal sample as well as oxidation rate. 
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The vast difference in test length between preliminary tests 1, 2, 3, and tests 1, 2, 3 and 4 is due to 
both confirming the initial result and a slight modification in the scope. Although the first group of 
tests experienced a large decrease in hydraulic conductivity the tests were not continued to ensure 
equilibrium had occurred as they were carried out as preliminary test, it became evident through the 
second group of tests that the observations made in the initial tests were correct and that hydraulic 
conductivity will decrease before reaching a secondary phase were the effluent flow rate becomes 
more consistent. Test 4 was given a longer run time as it was used to determine the location of the 
weathering and the potential formation of bacteria at the surface of the sample. 
The overall results indicate that only minimal oxygen being required to cause a significant impact on 
the hydraulic properties of Loy Yang brown coal, it reinforces the importance of the hydraulic barrier, 
the addition of a potential drainage layer at the coal/clay interface and the duration for which the coal 
is exposed to atmospheric conditions between being cut to shape and capped with clay.  
6.4 Summary 
The hydraulic conductivity tests determine that oxidation lowered the hydraulic conductivity of brown 
coal by 16%. This dramatic result occurred even though only 0.00091g of oxygen was taken up during 
the oxidation reaction throughout the test duration. This is a very small amount of oxygen and 
indicates that the coal had undergone only a little amount of weathering. This determined decrease 
in hydraulic conductivity is significant in the case that any water penetrates the hydraulic barrier and 
is unable to drain down the slope. This could potentially cause the pore water pressure will increase 
until it causes slope failure. As a result, it is suggested that a drainage layer be included at the interface 
to prevent any potential pore water pressure increases. The hydraulic conductivity tests also showed 
that the oxygen uptake required to weather a coal sample to the point of greatly slowing down the 
permeability rate is highly variable. Which could potentially be due to the fact that the size of the 
internal flow paths, which can be assumed to vary greatly between coal samples, will dictate the 
amount of oxygen taken up by the brown coal sample as well as oxidation rate. 
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7. Verification of a weathering index 
 
The methodologies that have been developed to understand the weathering of a sample of brown 
coal are qualitative (Keller, 1998). The goal of this chapter is to explore one approach to verifying the 
weathering index or improving the weathering index that has been created from the weathered 
profiles at Loy Yang in Chapter 4. Given the evidence supplied through the previous chapters in this 
thesis regarding the change in brown coal properties as a result of oxidative weathering, quantifying 
the amount of weathering has the potential to provide information to AGL Loy Yang regarding the 
condition of coal in regards to weathering. In relation to the rehabilitation of a batter in a brown coal 
open cut mine, when the surface is cut to a smooth surface inclined batter, a sample of the coal could 
be tested for weathering using Fourier Transform Infrared Spectroscopy and rated against the 
weathering index so the capping material properties, such as thickness, could be adjusted accordingly, 
to facilitate maximum slope stability. In areas of highly weathered coal a recommendation could be 
made for a drainage layer to be added at the interface between the coal and the clay to allow drainage. 
This recommendation has the potential to become crucial as the biggest issue would be not about 
what the weathered state of the coal is at present, but what will be the weathered state be in the 
future and the risks it presents to slope stability. As a result of time constraints this test was used as a 
proof of concept. If the test was run to its full length it would be time consuming as the rate of oxygen 
consumption will drop as the brown coal becomes more weathered. 
Past researchers have attempted to gain a direct measurement of the rate of oxygen consumption 
and the rates of liberation of gaseous products using various techniques such as isothermal plug flow 
reactor and other ‘oxygen absorption’ methods (Pontec et al. (1974), Kim (1977), Miron et al. (1990), 
Young and Nordon (1978)). Researchers Carras and Young (1994), Carpenter and Sergeant (1966), 
Krishnaswamy et al. (1996), Schmidt and Elder (1940), Nordon et al. (1979), Carpenter and Giddings 
(1964), Wang et al. (1972), Howard (1948), Kaji et al. (1987), Karsner and Perlmutter (1982) and Wang 
et al. (1999), have published journal articles reporting that for temperatures between ambient and 
150°C, the rate of oxygen consumption varies greatly, from 10-11 to 10-3 kmol / (kg coal s) for brown 
coal particles of different types and sizes. Various factors can affect the rate of oxygen consumption 
for brown coal, for example oxidation history, depth and origin. In 1997 a further researcher, 
Sevenster, reported that, “Initially, adsorption proceeds at a high rate but after some hours this drops 
off to a very slow rate that may, however, be very persistant” (Sevenster, 1977). This trend although 
initially reported by Sevenster, has been confirmed by other investigators including Wang et al. (2003). 
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7.1 Autoclave Setup and Amendments 
Test Setup and Method 
In order to obtain data to construct a quantifiable weathering profile this chapter presents results 
from the use of an autoclave to control of the volume of coal slurry, as well as pressures of oxygen 
and nitrogen and the temperature of the autoclave. The oxygen was added to initiate the oxidative 
reaction with the coal slurry, while the temperature was increased to 60°C to speed up the simulated 
weathering process. Finally nitrogen was used as a tracer gas to ensure no leaks are occurring within 
the system. 
Gas and coal slurry samples were taken throughout the experiment when significant pressure 
decreases were apparent within the vessel. The gas samples were tested using gas chromatography 
to obtain the amount of oxygen taken up through the weathering process. When the oxygen uptake 
decreased to the point that the pressure within the vessel reached equilibrium it was assumed that 
the coal slurry was completely weathered. Through the use of gas chromatography to obtain 
boundaries at an assumed 0% and 100% weathering and taking coal slurry samples at these point, 
Fourier Transform Infra-Red Spectroscopy can be used to gain a spectrum of the coal. This will assist 
in calibrating the FTIR results from Chapter 4 and will potentially allow for any piece of coal to be run 
through an FTIR test and be calculated for a percentage degree of weathering. 
When calibrated these results were able to provide an insight into the amount of oxygen required for 
coal to weather, the rate at which coal weathers, and provide a scale of weathering on which brown 
coal can be classified. As a result of time constraints this test method was had to be cut short. If the 
test was run to its full length it will be time consuming as the rate of oxygen consumption will drop as 
the brown coal becomes more weathered. 
Sample preparation 
The Loy Yang brown coal samples used in this test were from a large block of coal and made into a 
slurry. The coal was ground using a mortar and pestle and passed through a 750µm sieve until 250g 
of coal had been gathered. The 250g of coal was mixed with 230g of water in a large beaker and mixed 
thoroughly before being placed into the autoclave, with a further 20g of water used to ensure as little 
amount as possible of material was left behind in the beaker. 
Ratio of gas addition 
The two gases used in this experiment are nitrogen and oxygen. The oxygen is added to cause an 
oxidation reaction with the coal and simulate weathering, while the nitrogen is added as a tracer gas 
for the gas chromatography analysis as it is not absorbed by the coal. The gases were added at 
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volumetric ratio oxygen to nitrogen of 80:20 respectively, for a total vessel pressure of 689.5 kPa (100 
PSI). The amount of each gas required to be added to the vessel was determined using the ideal gas 
law. 
Test Method 
Initially the prepared slurry was poured into the autoclave and then the lid was placed on top and 
sealed. The pressure and temperature sensors are activated, as well as the logger. The vessel was then 
heated to 60°C, which was the operating temperature, purged with nitrogen, before adding the 
nitrogen and the oxygen to a total pressure of 689.5 kPa (100 PSI). The nitrogen was always added 
first due to some nitrogen remaining in the system following purging. The mechanical stirrer was 
switched on and the setup was regularly monitored to check for potentially issues. 
 
Figure 69 Schematic of setup used for autoclave experiment 
 
Figure 70 Setup used for autoclave 
experiment 
 
Gas samples are taken initially and tested using gas chromatography to gain a reference point which 
should read 80% oxygen and 20% nitrogen by volume. The test is stopped when the pressure has 
decreased to approximately 344.7 kPa (50 PSI), at this point both a gas sample is taken for gas 
chromatography and the vessel is depressurised for a coal sample to be taken and weighed for Fourier 
Transform Infra-Red Spectroscopy analysis. The vessel is then resealed, re-pressurised with oxygen 
and nitrogen using the sample initial method and the test continues and is repeated until the pressure 
remains constant indicating that the coal inside the autoclave is no longer undergoing oxidation and 
has reached maximum weathering. This determines that the coal sample in the vessel has reached a 
condition of approximately 100% weathering. 
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Amendments 
Gas sampling point 
In order to obtain a gas sample at specified increments throughout testing a gas sampling point 
needed to be added to the autoclave. To address this issue a tap and valve were connected to the lid 
of the autoclave, with the valve the correct size to attach a gas bag in order to take samples for gas 
chromatography. 
Heat band 
The built-in ceramic heater that came as a part of the autoclave setup was not functioning to the level 
required for testing. The built-in ceramic heater was designed to heat to a set temperature and switch 
off, however it was discovered that due to the vessel being made from zirconium, making heat transfer 
slow, the ceramic heater often heated to temperatures far exceeding the desired 60°C for testing and 
would heat the vessel to temperatures exceeding 100°C. As a result a heat band was purchased to 
provide heat to the vessel (Figure 71). The heat band wraps around the bottom half of the vessel and 
plugs into a power source and heats to and maintains a temperature of ± 5°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 71 Heat band which was used in the experiment 
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Pressure and temperature sensors and loggers 
Digital pressure and temperature sensors were added to the autoclave setup along with a data logger 
in order to monitor the pressure drop with accuracy (Figures 72, 73, 74). Pressure changes provide 
information on the changes in gas mass and can therefore be used to indicate oxygen uptake. The 
temperature is controlled and the temperature sensor shows the control is working will. The gauge 
output is given in mA and was calibrated against a pressure gauge and temperature probe respectively 
to determine a unit conversion. The calibration curves are displayed below along with the equations 
for converting between units (see Figures 75 and 76). 
 
Figure 72 HOBO UX120 4-Channel Analogue Data Logger used to 
log temperature and pressure data during the experiment 
(OneTemp, 2018) 
 
Figure 73 Jumo Midas S05 Pressure Transmitter used 
during experiment to monitor pressure (OneTemp, 
2018) 
 
 
 
 
 
 
 
Figure 74 R-LT - RTD Temperature Sensor PT100 used during the experiment to monitor temperature (OneTemp, 2018) 
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Pressure probe calibration 
 
Figure 75 Calibration graph for pressure probe 
Temperature probe calibration 
 
Figure 76 Calibration graph for temperature probe 
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7.2 Gas Chromatography 
Gas Chromatography is a common analytic technique used for quality control and identification and 
then qualification of compounds in a mixture. Like for all other chromatographic techniques, a mobile 
and a stationary phase is required that is comprised of an inert gas i.e., helium, argon or nitrogen and 
a packed column respectively (University, 2017). The separation of compounds is based on the 
different strengths of interaction of the compounds with the stationary phase. The stronger the 
interaction is, the longer the compound interacts with the stationary phase, and the more time it takes 
to migrate through the column (University, 2017).  
The major aim for the experiment reported here was to assess the amount of oxygen taken up during 
simulating brown coal weathering due to oxidation. The experiment was also used to calibrate FTIR 
tests through simulating coal weathering until oxygen uptake reduces dramatically which would 
suggest the brown coal us close to being fully weathered. In addition, gas chromatography were used 
to analyse not only oxygen uptake but also other gasses created due to the process such as carbon 
dioxide and carbon monoxide. The tests were run in accordance with ASTM D1945 – 14, Standard Test 
Method for Analysis of Natural Gas by Gas Chromatography (ASTM, 2014).  
The instrument, located at Federation University, was calibrated by preparing and running various 
known volume combinations of oxygen, nitrogen and carbon dioxide, for example 100% oxygen 0% 
nitrogen 0% carbon dioxide, 50% oxygen 25% nitrogen 25% carbon dioxide, 25% oxygen 50% nitrogen 
25% carbon dioxide etc., these calibration curves were stored in the method and used to calculate a 
percentage volume contribution for each peak/gas. Every gas has a different thermal conductivity and 
so, responds at a different rate. For example, 1 mol of nitrogen might give twice the response of 1 mol 
of oxygen, it is a physical property. This is the reason that in the final gas chromatography results 
shown in Figure 78, the oxygen peak is higher than the nitrogen peak even though oxygen make up 
less of the overall volume than nitrogen. 
Table 15 displays the initial results of the gas chromatography tests for the autoclave samples. The 
initial samples gave two very different results due to contamination to gas sample 1 (sample bag 
leaked), whereas gas sample 2 gave the anticipated result of 80% oxygen and 20% nitrogen. 
Table 13 Initial gas sample pressures from the autoclave 
 
 
It was decided that samples following the initial gas samples outlined above would be taken when a 
significant pressure drop was evident within the vessel (Figure 77). This significant pressure drop is 
Date Time Gas Sample 1 Gas Sample 2 
D/M/Y H:M O2 N2 CO2 O2 N2 CO2 
31/10/2017 12:45 PM 50.1 50.5 - 80.7 20 - 
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evidence that the oxidation reaction has taken place and that the injected oxygen is being consumed. 
Further proof of oxidation taking place within the vessel is the presence of carbon dioxide, carbon 
monoxide and methane within the gas sample when tested using gas chromatography. The results 
recorded from the gas chromatography illustrate the change in volume percentage by volume for 
oxygen and nitrogen, carbon dioxide volume will also be recorded with methane, and carbon 
monoxide and water vapour assumed to make up the remaining fraction to total 100 percent volume. 
The tables and figures below illustrate the analytical results obtained from the gas chromatography 
on gas samples from autoclave. The differential between gas sample 1 and 2 for each reading is mainly 
due to the accuracy of the instrument which is approximately 10 per cent.
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Figure 77 Pressure and temperature data logged during the three autoclave tests 
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Figure 78 Results spectrum for gas chromatography carried out on samples taken from the autoclave, top (initial sample), bottom (final sample) 
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Table 14 Analytical results obtained from the gas chromatography on gas samples from the autoclave 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date Time Gas Sample 1 Gas Sample 2 
Pressure 
at time of 
sample 
D/M/Y H:M 
O2 
(% v/v) 
N2 
(% v/v) 
CO2 
(% v/v) 
H2O, 
CO,CH4 
(% v/v) 
O2 
(% v/v) 
N2 
(% v/v) 
CO2 
(% v/v) 
H2O, 
CO,CH4 
(% v/v) 
PSI 
Initial 31/10/2017 12:45pm 50.1 50.5 - - 80.7 20 - - 100 
Final 16/11/2017 3:30pm 47.11 38.97 11.07 2.85 46.84 40.31 13.18 -0.33 56.19 
Initial 17/11/2017 5:00pm 80 20 - - 80 20 - - 100 
Final 1/12/2017 11:40am 43.4 41.4 13.0 3.0 42.9 41.8 12.7 2.6 55.10 
Initial 1/12/2017 12:10pm 80 20 - - 80 20 - - 100 
Final 18/12/2017 2:20pm 36.67 42.93 17.72 2.68 37.78 38.59 16.46 7.17 55.26 
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Table 15 Breakdown of gas mol changes through the experiment using the gas law and gas chromatography data 
 
 Sample 1 Sample 1 
 
 Oxygen Nitrogen 
Carbon 
Dioxide 
Methane, 
Carbon 
Monoxide, 
Water 
Vapour 
Oxygen Nitrogen 
Carbon 
Dioxide 
Methane, 
Carbon 
Monoxide, 
Water 
Vapour 
Start 
1 
% volume by volume 80.00 20.00 - - 80.00 20.00 - - 
Absolute Pressure 
(atm) 
6.24 1.56 - - 6.24 1.56 - - 
mol 0.22 0.06 - - 0.22 0.06 - - 
Finish 
1 
% volume by volume 47.11 38.97 11.07 2.85 46.84 40.31 13.18 -0.33 
Absolute Pressure 
(atm) 
2.27 1.88 0.53 0.14 2.26 1.94 0.64 -0.02 
mol 0.08 0.07 0.02 0.00 0.08 0.07 0.02 0.00 
recovery (%) 36.39 120.42 - - 36.19 124.56 - - 
Start 
2 
% volume by volume 80.00 20.00 - - 80.00 20.00 - - 
Absolute Pressure 
(atm) 
6.24 1.56 - - 6.24 1.56 - - 
mol 0.22 0.06 - - 0.22 0.06 - - 
Finish 
2 
% volume by volume 43.40 41.40 13.00 2.20 42.90 41.80 12.70 2.60 
Absolute Pressure 
(atm) 
2.06 1.97 0.62 0.10 2.04 1.99 0.60 0.12 
mol 0.07 0.07 0.02 0.00 0.07 0.07 0.02 0.00 
recovery (%) 33.01 125.97 - - 32.63 127.18 - - 
Start 
3 
% volume by volume 80.00 20.00 - - 80.00 20.00 - - 
Absolute Pressure 
(atm) 
6.24 1.56 - - 6.24 1.56 - - 
mol 0.22 0.06 - - 0.22 0.06 - - 
Finish 
3 
% volume by volume 36.67 42.93 17.72 2.68 37.78 38.59 16.46 7.17 
Absolute Pressure 
(atm) 
1.75 2.04 0.84 0.13 1.80 1.84 0.78 0.34 
mol 0.06 0.07 0.03 0.00 0.06 0.07 0.03 0.01 
recovery (%) 27.96 130.92 - - 28.80 117.69 - - 
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Figure 79 Results for the change by percentage volume by volume for each element over each testing interval obtained 
using gas chromatography 
Figure 77 illustrates the pressure and temperature data logged during each of the increments of the 
autoclave test. It can be observed that the temperature remained constant while the tests were 
running and the pressure drop is clearly visible, although the time taken for the pressure to decrease 
does vary considerably.  
The graph shown in Figure 78 demonstrates the results obtained through running gas samples from 
the autoclave using the gas chromatography method to determine the percentage volume by volume 
of the elements and compounds present in the gas sample. The presence of carbon dioxide 
demonstrates that oxidation is taking place as it is a by-product of the reaction between brown coal 
and oxygen. The remainder of the gas sample is assumed to be made up of water vapour, carbon 
monoxide and methane. The tall narrow spike located after the nitrogen peak is the result of a valve 
change. Despite replacing and cleaning the valves it was determined that the machine reads a large 
spike when a valve change occurs for a reason that could not be defined. 
Tables 16 and 17 present the results of the gas chromatography and the analysis of the results to a 
value of percentage recovery in mol. Oxygen has approximately 30% recovery through each of the test 
phases, however recovery is decreasing through each stage indicating that the sample undergoing a 
high degree of weathering (see Figure 79). This suggests that the sample is still in the infant stages of 
weathering. The results also indicate that a loss of approximately 0.07 mol of oxygen is required to 
create 0.02 mol of carbon dioxide. The nitrogen recovery is calculated to be more than 100% which is 
impossible as it is not a by-product over coal oxidation, this can be explained as an error as the gas 
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chromatography equipment is only accurate to 10%. The other by-products of coal oxidation including 
methane, carbon monoxide and water vapour are shown to be present in extremely small quantities 
of only 0.0045 mol. 
Due to time constraints the autoclave experiment had to be cut short with only four data points gained 
on the weathering index. Future research over a longer time period would allow a more detailed 
experiment to be carried out where a multitude of data points can be obtained. As a proof of concept 
the test method showed promising results. It is expected that if run for the full duration the amount 
of oxygen taken up by the brown coal would eventually decrease, however this process could take up 
to six months. As the drop in oxygen absorbed reaches zero and the initial and final gas ratios by 
volume become similar, it indicates that the brown coal is approaching full oxidative weathering. This 
outcome would allow the determination of the 0% and 100% weathering boundary conditions through 
the autoclave allows the creation of a much more accurate weathering profile using Fourier Transform 
Infrared Spectroscopy that can be used to determine the weathering condition of a random sample of 
coal.  
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7.3 Fourier Transform Infrared Spectroscopy Testing 
The coal slurry inside the autoclave was sampled in accordance with the gas sample retrieved in the 
‘gas chromatography’ section of testing. Following sampling the samples of coal slurry were freeze 
dried and run through the Fourier Transform Infrared Spectroscopy methodology to assess 
weathering. The tests were run in accordance with ASTM E1252 – 98, Practice for General Techniques 
for Qualitative Infrared Analysis (ASTM, 1998).  
Figure 80 illustrates the respective carbonyl peaks of the brown coal slurry samples retrieved from the 
autoclave calculated using Fourier Transform Infrared Spectroscopy, while Table 18 displays the area 
under the carbonyl peak for each of the curves displayed in Figure 80 to clearly demonstrate the 
increase in simulated weathering throughout the duration of the autoclave experiment. Full Fourier 
Transform Infrared Spectroscopy spectra are illustrated in Appendix C Figures 1-6. 
 
Figure 80 Respective carbonyl peaks of the brown coal slurry samples retrieved from the autoclave calculated using Fourier 
Transform Infrared Spectroscopy 
Table 16 Area under the carbonyl peak for each of the curves displayed in Figure 43 
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Figure 80 and Table 18 clearly demonstrate that the coal slurry within the autoclave was becoming 
more weathered over time. This clear trend indicates that the method is achieving the desired 
outcome with the slurry progressively weathering from the initial fresh state. The weathering index 
values in Table 18 were calculated using the initial area under the carbonyl peak for the autoclave 
sample, the areas for the samples in the autoclave test and the 100 percent weathered area calculated 
in Chapter 4 as the 100 percent value for the autoclave testing was unable to be obtained due to time 
constraints. The 0% weathering value for the autoclave sample was determined to be 1.05 which was 
much lower than the 0% weathering value for the coal used in Chapter 4 which was 2.15. The reason 
these values are different is that the value for 0% weathering is extremely difficult to determine the 
exact value and even a good approximation would require a multitude of samples to be taken. 
 
7.4 Summary 
Artificially weathering brown coal in the autoclave gave interesting results when analysed using Gas 
Chromatography and Fourier Transform Infrared Spectroscopy. Gas chromatography on the gas within 
the autoclave determined that approximately 0.07 mol of oxygen is required to be taken up to create 
0.02 mol of carbon dioxide through coal oxidation. Through Fourier Transform Infrared Spectroscopy 
it was noted that a determination of the full extent to achieve a ‘100% weathering value’ could take 
years using the test conditions used in this chapter. The value for 0% weathering is also extremely 
difficult to determine and would require a huge number of samples to be taken to achieve even a 
good approximation. However the methodology used does demonstrate potential as a proof of 
concept. 
 
 
 
 
 
 
  
118 | P a g e  
 
8. Discussion 
In a brown coal mine batter rehabilitation scenario many factors affect the resistance to sliding of the 
cover material placed on the in-situ brown coal. The one key piece of the scenario that was determined 
was that the failure will occur in the clay capping layer as opposed to the parent brown coal material 
as discussed in Chapter 4. This assumption can be made due to brown coal having a much higher peak 
shear strength than the clay capping material. However, one of the major unknowns is the potential 
impact that oxidative weathering under the capping material will have on the brown coal shear 
strength, potentially leading to it becoming the weaker material where the failure could occur. Other 
important factors that are critical in the determination of overall slope stability include permeability, 
cohesion and rebinding, loose material at the interface and the thickness of the capping layer.  
The cohesion value of coal was determined to be negligible at zero normal stress through carrying out 
numerous shear tests at a selection of normal stresses discussed in Chapter 4. Although further tests 
carried out in Chapter 5 indicate minimal cohesion, it was shown that if a sliding failure does occur but 
comes to rest before the bottom of the slope and remains there for up to a day, the coal will potentially 
rebind to almost full strength. This finding also demonstrated that the particle size of the capping 
material or a potential broken up granular weathering coal layer had no impact on these results. 
Overall the results indicate that the capping material potentially has no impact on sliding events, and 
if a sliding failure does occur and the material is pushed back up the slope it will potentially rebind to 
almost full strength. 
The impact of oxidative weathering on brown coal properties is still relatively unknown. To gain a good 
understanding of the potential detrimental impacts on coal properties, laboratory tests were 
undertaken to estimate the rate of weathering, amount of oxygen required to oxidise coal and the 
impact of coal oxidation on permeability. Initially, field testing was completed at two sample locations 
that illustrate the best (freshly cut coal surface with minimal sun or water exposure) and worst (coal 
surface that has been exposed to atmospheric conditions for a minimum of 10 years) scenarios. 
Through using the Fourier Transform Infrared Spectroscopy (FTIR) method of analysis focusing on the 
appropriate wavenumbers a weathering index was determined to illustrate how weathering changes 
with depth over the top 1.25 meters of coal. The results showed that the samples from the freshly cut 
brown coal surface exhibited barely any change in weathering over the depth profile, whereas the 
samples from the exposed location showed the expected trend of weathering becoming more 
significant towards the surface. In a batter rehabilitation scenario this suggests that where weathering 
occurs under the cap, it is the top 5 to 10 centimetres of coal that is going to have the lowest peak 
shear stress and have to highest risk of becoming the point of failure if the brown coal weakens to the 
point it is the failing material. 
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Water and subsequent pore pressures are the most important factors when calculating slope stability. 
In order to assess the impact of oxidative weathering on the hydraulic properties of brown coal a 
constant head permeability test was undertaken in the laboratory using oxygen rich water to oxidise 
the coal. The results from Chapter 6 determined that only a small amount of oxygen was required to 
be taken up by the brown coal to weather the coal to the point it had a detrimental effect of the 
hydraulic properties. Oxidative weathering in brown coal causes a build-up of oxygenated complexes 
at the internal surfaces of the coal pores which directly leads to the deactivation of potential reaction 
sites that are responsible for oxygen adsorption (Carpenter and Giddings, 1964, Itay et al., 1989, Wang 
et al., 2002). In addition, the chemical reactions occurring on the coal pore surfaces have been proven 
to partially block some micropores which directly result in the reduction of the mass transport rate in 
these pores (Wang et al., 2002). In batter rehabilitation the reduction of water flow through the micro 
cracks in the brown coal could cause a build-up of water and pore pressure if the hydraulic barrier fails 
(potentially through desiccation cracking) and the water cannot infiltrate the brown coal or flow down 
the slope. The build-up in pore water could lead to lifting of the cover material or slope failure. 
Due to the significant damage that could be caused by an increase in pore water pressure one 
suggestion is that a drainage layer could be introduced at the brown coal/clay liner interface. This 
suggestion ties into one of the current projects being completed by AGL Loy Yang as a part of their 
Mine Rehabilitation Research Project. Coal ash from Loy Yang’s power station has been identified as 
a material suitable for the internal drainage of cover materials. Due to brown coal ash being one of 
the major waste products created when converting coal into electricity the potential of using the 
material in a drainage layer is highly beneficial. However, assessing the significance of the variations 
in regards to the hydraulic response to the spatial variation of these properties in a full scale plot is 
essential to understanding the drainage performance.  
An added drainage layer at the interface would allow any water that penetrates through a hydraulic 
barrier to flow down the slope to an outlet. Various factors need to be taken into account when 
implanting a drainage layer such as quantity and quality or water, maximum flow rate to determine 
size of drain, minimum velocity adequate outlet size, filter materials and materials that don’t 
negatively impact the brown coal or cover material (Washington, 2017). 
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Samples of fresh and weathered brown coal slurries were remoulded to the same bulk density as 
intact in situ samples. Although issues existed with the oedometer stage of the test, the shear results 
determined that the remoulded samples don’t experience the same mechanical behaviours as in situ 
samples. These mechanical behaviours can include water moving through the samples, changes in soil 
stresses and long term compression, each of which has an impact on the strength and internal makeup 
of the coals micro cracks. 
The simulated brown coal weathering carried out in the autoclave allowed analysis of both a change 
in the mole of the gases in the autoclave at the start of the experiment and the gases created as a by-
product and the changes in the brown coal slurry on an FTIR spectrum as a result of simulated 
weathering. The gas chromatography carried out on both initial and final gas samples from the 
autoclave determined that the sample is still in the early stages of weathering. The results also 
indicated that a loss of approximately 0.07 moles of oxygen is required to create 0.02 moles of carbon 
dioxide. FTIR analysis on the coal slurries after each testing stage indicated that the slurry is 
progressively weathering from the initial fresh state. The 0% weathering value for the autoclave 
sample was determined to be 1.05 which was much lower than the 0% weathering value for the coal 
used in Chapter 4 which was 2.15. These values are determined using the weathering index formula 
discussed in Chapter 4 and are unitless). The reason these values are different is that the value for 0% 
weathering is extremely difficult to determine the exact value and even a good approximation would 
require a multitude of samples to be taken. The weathering index values using the initial area under 
the carbonyl peak for the autoclave sample ranged from 0 to 2.91%, indicating a very low level of 
weathering. The low level of weathering also indicates that a test run for the full extent to achieve a 
100% weathering value would take a long time, possibly years, and that the amount of oxygen 
required to be a oxidise the coal slurry to this point is quite large, requiring possibly two or three D 
size cylinder tanks (1.6m3). 
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9. Key Outcomes 
Weathering Profile for Brown Coal 
 The test method used was a proof of concept that showed promising results 
 The area under the peak at wavenumber 1670 cm-1 is a good indicator of weathering in brown 
coal 
Fresh Brown Coal Direct Shear Tests 
 Fresh brown coal was determined to not be the failure material and that the failure will likely 
occur at the coal-clay interface 
 Direct shear tests of brown coal against sand paper surfaces of different grit sizes illustrated 
that the particle size of the material against the coal at the interface had no impact on the 
shear characteristics 
 The cohesion value for brown coal was determined to be 2.18 kPa, indicating a small amount 
of cohesion under no normal stress 
 It was determined that even over a short period of time, with a low cohesion value, the coal 
surfaces were able to rebind to a shear strength close to that of a fresh coal surface 
 Potential loose weathered material on the coal surface was eventually crushed under the 
normal stress and created a coal on coal shear 
Fresh and Weathered Brown Coal Direct Shear Comparison Tests 
 Remoulded samples don’t experience the same mechanical behaviour as in situ samples. This 
mechanical behaviour can include water moving through the samples, changes in soil stresses 
and long term compression, each of which has an impact on the strength and internal makeup 
of the micro cracks in the brown coal 
Effects of Weathering by Oxidation on Brown Coal Permeability 
 Weathering through oxidation lowered the hydraulic conductivity of brown coal by up to 16 
percent 
 The reduction in hydraulic conductivity is crucial to the pore water pressures at the coal / clay 
interface 
 Due to the decrease in permeability as a result of coal weathering beneath the clay cap, any 
water that reaches the interface will need to drain down the slope, potentially through the 
use of an added drainage layer between the coal and the clay at the interface, otherwise the 
pore water pressure will increase until it causes slope failure 
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Amount of oxygen taken up by Loy Yang brown coal during testing 
 Approximately 0.00091g was taken up during the oxidation process in the hydraulic 
conductivity testing, this value is extremely small  
 The oxygen uptake required to weather a coal sample to the point of greatly slowing down 
the permeability rate is highly variable 
 The size of the internal flow paths, which can be assumed to vary greatly between coal 
samples, will dictate the amount of oxygen taken up by the brown coal sample as well as 
oxidation rate. 
Gas Changes as a Result of Oxidative Weathering of Brown Coal 
 Approximately 0.07 mol of oxygen is required to create 0.02 mol of carbon dioxide through 
coal oxidation 
 A determination of the full extent to achieve a ‘100% weathering value’ could take years using 
the test conditions used in Chapter 7 
 The value for 0% weathering is extremely difficult to determine and would require a huge 
number of samples to be taken to achieve even a good approximation 
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10. Future research needs 
Autoclave Experiment 
Due to time constraints the autoclave experiment documented in Chapter 7 “Verification of a 
weathering index” had to be cut short with only four data points gained on the weathering index. 
Future research over a longer time period would allow a more detailed experiment to be carried out 
where a multitude of data points can be obtained. The most vital data point is the 100% weathering 
data point where the coal slurry stops absorbing oxygen. The reason this data is crucial is that it gives 
the second boundary point, which allows the intermediate data points to be placed on a scale. Once 
the boundary points and intermediate points are complete a full quantifiable weathering profile can 
be completed to analyse any random sample of brown coal. 
Through running the autoclave experiment to conclusion it would be possible to calculate the amount 
of oxygen taken to completely oxidise a sample of brown coal. Through completing the test and 
achieving 100% brown coal weathering it could also be possible to calculate the amounts of carbon 
dioxide, carbon monoxide, methane and water vapour released during brown coal oxidation. 
Research into further stability issues 
Additional research into the role of other stability issues, such as erosion, may show appropriate 
limitations to the application of the results. An erosion model containing parameters such as: 
internal friction angle, critical shear stress, packing arrangement and efficiency factors could be used 
to determine the overall effect of erosion on the batter stability scenario. As a result the potential 
for using these results for a comprehensive assessment of slope stability are limited.  
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Appendix A (Chapter 4) 
A.1 Oven drying and freeze drying comparison 
The method for preparing samples for Fourier Transform Infrared Spectroscopy was changed from oven drying to freeze drying during the testing program 
due to samples potentially weathering in the oven and giving false results. In order to conduct analysis on the samples that were oven dried, a relationship 
was determined between the oven drying and freezing methods to calculate a conversion factor. The conversion factor was determined by running Fourier 
Transform Infra-Red analysis on a series of consistent samples over a depth profile dried using each of the techniques, with the results shown below. 
Oven drying 
Full Spectrum 
 
Appendix A Figure 1 Complete depth profile of Four Transform Infrared Spectroscopy spectra for the oven dried prepared samples 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
050010001500200025003000350040004500
A
b
so
rb
an
ce
Wavenumber (cm-1)
0-5cm
5-10cm
10-15cm
15-20cm
20-25cm
25-35cm
35-45cm
45-55cm
55-65cm
65-75cm
75-85cm
85-95cm
2 | P a g e  
 
Zoom on 1700 cm-1 Hydroxyl Peak  
 
 
Appendix A Figure 2 Zoomed view of 1700cm-1 peak of depth profile of Four Transform Infrared Spectroscopy spectra for the oven dried prepared samples 
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Freeze drying 
Full Spectrum 
 
Appendix A Figure 3 Complete depth profile of Four Transform Infrared Spectroscopy spectra for the freeze dried prepared samples 
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Zoom on 1700 cm-1 Hydroxyl Peak  
 
Appendix A Figure 4 Zoomed view of 1700cm-1 peak of depth profile of Four Transform Infrared Spectroscopy spectra for the freeze dried prepared samples 
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A.2 Analysis of FTIR results to qualify and quantify weathering 
In order to use this weathering index the area of a fully weathered sample and a completely 
unweathered sample must be obtained. Owing to the absolute boundary samples being unknown, the 
most and least weathered samples were used to define the weathering index limits. The Fourier 
Transform Infrared spectra for the assumed fully weathered samples and completely unweathered 
samples are shown below. 
Assumed completely unweathered 
Sample 1 
 
Appendix A Figure 5 Fourier Transform Infrared Spectroscopy spectrum for assumed completely unweathered coal sample 
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Sample 2 
 
Appendix A Figure 6 Fourier Transform Infrared Spectroscopy spectrum for assumed completely unweathered coal sample 
2 
 
Sample 3 
 
Appendix A Figure 7 Fourier Transform Infrared Spectroscopy spectrum for assumed completely unweathered coal sample 
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Assumed completely weathered 
Sample 1 
 
Appendix A Figure 8 Fourier Transform Infrared Spectroscopy spectrum for assumed completely weathered coal sample 1 
 
Sample 2 
 
Appendix A Figure 9 Fourier Transform Infrared Spectroscopy spectrum for assumed completely weathered coal sample 2 
 
0
0.01
0.02
0.03
0.04
0.05
0.06
050010001500200025003000350040004500
A
b
so
rb
an
ce
Wavenumber
Weathered Sample 1
0
0.01
0.02
0.03
0.04
0.05
0.06
050010001500200025003000350040004500
A
b
so
rb
an
ce
Wavenumber
Weathered Sample 1
8 | P a g e  
 
Sample 3 
 
Appendix A Figure 10 Fourier Transform Infrared Spectroscopy spectrum for assumed completely weathered coal sample 3 
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Appendix B (Chapter 5) 
B.1 Intact coal shear 
Direct shear tests were performed on three intact samples of ‘fresh’ Loy Yang brown coal to determine 
the shear strength of the parent material of the slope under a low normal stress. 
Test 1 
 
Appendix B Figure 1 Brown coal direct shear test 1 
 
Test 2 
 
Appendix B Figure 2 Brown coal direct shear test 2 
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B.2 Resistance to sliding on a coal surface  
B.2.1 Effect of clean or filled grit sandpaper on direct shear test against a 
brown coal surface 
Experiments were undertaken to analyse whether a clean or filled sandpaper grit had an effect on the 
results. As noted in Chapter 5 “Resistance to sliding on a coal surface” the clean grit fills and follows 
the same path as the grit that is filled with brown coal and reaches equilibrium at approximately 80 
kPa. 
80 Grit Sandpaper 
Full Grit 
 
Appendix B Figure 3 Direct shear test of a brown coal sample against an 80 grit sandpaper with void space filled with brown 
coal 
Clean Grit 
 
Appendix B Figure 4 Direct shear test of a brown coal sample against an 80 grit sandpaper with clean “empty” void space 
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40 Grit Sandpaper 
Full Grit 
 
Appendix B Figure 5 Direct shear test of a brown coal sample against a 40 grit sandpaper with void space filled with brown 
coal 
 
Clean Grit 
 
Appendix B Figure 6 Direct shear test of a brown coal sample against a 40 grit sandpaper with clean “empty” void space 
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B.2.2 Brown coal on brown coal direct shear  
To prove the assumption that it is brown coal on brown coal sliding that is taking place, direct and 
residual shear test were run with a smooth brown coal block replacing the grit block to simulate the 
scenario. 
Test 1 
 
Appendix B Figure 7 Brown coal on brown coal direct shear test 1 
 
Test 2 
 
Appendix B Figure 8 Brown coal on brown coal direct shear test 2 
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Test 3 
 
Appendix B Figure 9 Brown coal on brown coal direct shear test 3 
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B.3 Difference in shear resistance between fresh and weathered 
coal 
B.3.1 Odometer Experiment 
Oedometer testing is a crucial step in creating an accurate remoulded sample. The objective is to 
determine the amount of normal stress that needs to be applied to compress the remoulded sample 
to the sample bulk density as an intact sample. A variety of normal stresses including 100 kPa, 200 
kPa, 400 kPa, 800 kPa, 1600 kPa, were applied to the brown coal samples, each for 24 hours, with 
height changes recorded for the first 2 hours and at the 24 hour mark. The consolidation graphs 
obtained from the oedometer tests are illustrated below. The initial sample height is 20mm.  
Coal sample 1 
 
Appendix B Figure 10 Consolidation of brown coal sample 1 throughout the oedometer test 
Coal Sample 2 
 
Appendix B Figure 11 Consolidation of brown coal sample 2 throughout the oedometer test 
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B.4 Impact of shear displacement rate on brown coal direct shear 
results 
A series of brown coal on sandpaper direct shear tests were completed to assess the impact of shear 
displacement rate on direct shear results. The tests were carried out in an effort to decrease the time 
of each test. The results below illustrate the direct shear tests carried out at each of the shear 
displacement rates 0.005 mm/min, 0.01 mm/min, 0.05 mm/min and 0.1 mm/min. 
Shear displacement rate 0.005 mm/min 
 
Appendix B Figure 12 Brown coal and sandpaper direct shear test run at a 0.005 mm/min shear displacement rate 
Shear displacement rate 0.01 mm/min 
 
Appendix B Figure 13 Brown coal and sandpaper direct shear test run at a 0.01 mm/min shear displacement rate 
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Shear displacement rate 0.05 mm/min 
 
Appendix B Figure 14 Brown coal and sandpaper direct shear test run at a 0.05 mm/min shear displacement rate 
Shear displacement rate 0.1mm/min 
 
Appendix B Figure 15 Brown coal and sandpaper direct shear test run at a 0.01 mm/min shear displacement rate 
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Appendix C (Chapter 7) 
C.1 FTIR spectra for brown coal slurry samples taken during 
autoclave test 
The spectra shown below are the results of FTIR tests undertaken on brown coal slurry samples 
artificially weathered through oxidation using an autoclave. 
First Sampling Point (16/11/2017) 
First Coal Sample 
 
Appendix C Figure 1 FTIR spectrum of the first brown coal slurry sample removed from autoclave on 16/11/2017 
Second Coal Sample 
 
Appendix C Figure 2 FTIR spectrum of the second brown coal slurry sample removed from autoclave on 18/11/2017 
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Second Sampling Point (1/12/2017) 
First Coal Sample 
 
Appendix C Figure 3 FTIR spectrum of the first brown coal slurry sample removed from autoclave on 1/12/2017 
 
Second Coal Sample 
 
Appendix C Figure 4 FTIR spectrum of the second brown coal slurry sample removed from autoclave on 1/12/2017 
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Third Sampling Point (18/12/2017) 
First Coal Sample 
 
Appendix C Figure 5 FTIR spectrum of the first brown coal slurry sample removed from autoclave on 18/12/2017 
 
Second Coal Sample 
 
Appendix C Figure 6 FTIR spectrum of the second brown coal slurry sample removed from autoclave on 18/12/2017 
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